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Summary 
The work presented in this thesis began with the zebrafish esrom mutant. This mutant 
was isolated in screens for visual system axon guidance and pigmentation, and was 
positionally cloned and characterized in our lab (D'Souza et al., 2005; Le Guyader et 
al., 2005; Odenthal et al., 1996; Trowe et al., 1996). In attempting to further 
characterize the mutant, the habenular commissure (hc) defect was discovered which 
served as the starting point for the studies of midline axon guidance described here. 
The structure of the thesis does not reflect this chronology, but instead is organized 
around the study of the habenular commissure itself. 
Chapter 1 is an introduction to midline axon pathfinding and relevant aspects of 
zebrafish neurobiology. Chapter 2 comprises a series of anatomical studies that 
describe the organization and embryonic development of the zebrafish habenular 
commissure, laying the groundwork for its use as an experimental system (Hendricks 
and Jesuthasan, 2007a). We also observe that telencephalic inputs into the habenulae 
terminate asymmetrically, and discuss the implications of this in light of other studies 
on left/right asymmetries within the habenula and its outputs to the interpeduncular 
nucleus. 
 Chapter 3 details experimental protocols that were developed or improved to 
allow investigation of hc development (Hendricks and Jesuthasan, 2007b). These 
include a robust and efficient method for transfecting neurons in vivo by 
electroporation, a simple method of whole mount analysis of fixed brains, and the use 
of primary forebrain cultures.  
Chapter 4 contains experimental work regarding the dynamics of midline 
crossing within the habenular commissure. We describe a two-stage mechanism for 
habenular commissure development based on bilaterally symmetric choice points on 
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either side of the midline. Our model is supported by in vivo axonal dynamics, the 
cell surface regulation of Eph receptors, and the distinct roles of Esrom and Wnt/Ryk 
signaling at these choice points. 
Chapter 5 deals with potential molecular mechanisms of Esrom function. This 
includes investigations into its role in regulating the TOR pathway via Tsc2/Tuberin, 
as well as conclusions based on the esrom allele series.  
Chapter 6 discusses the contributions of this work to current understanding of 
midline crossing. Our model includes discrete state changes in the signaling properties 
of the growth cone that determine the relationship between stimuli and growth cone 
behavior. 
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Chapter 1 - Introduction 
1.1 Axon pathfinding overview 
The billions of neurons in the brain form trillions of synapses with one another. These 
specialized junctions between neurons are the fundamental unit of information 
transfer in the nervous system, the functional properties of which are determined by 
the nature of each these synaptic contacts and the wiring pattern among neurons. 
Developmental abnormalities in the establishment of these connections lead to 
neurological defects and diseases of cognitive function. 
The focus of this work is on the establishment of long-range connections between 
neurons during embryonic development. A newly born neuron elaborates a set of 
processes; for most, this includes a branched dendritic arbor and a single axon. While 
in general dendrites do not project far from the cell body, axons may extend to distant 
targets—up to several metres in some large mammals. Navigating to an appropriate 
target is accomplished by the growth cone, a motile, amoeboid structure at the tip of 
the nascent axon. 
The growth cone is a highly specialized subcellular compartment. Its motility is 
driven by cytoskeletal dynamics that are similar to, but in some ways distinct from, 
those of motile cells in general (Kalil and Dent, 2005). The growth cone extends 
actin-rich filopodia and lamellipodia that drive its advance, and contains dynamic 
microtubules. Each growth cone expresses an array of cell surface receptors and 
adhesion molecules, the precise composition of which depends on neuronal identity. 
These surface molecules transduce information about the extracellular environment 
into signaling networks within the growth cone. These networks in turn regulate the 
cytoskeletal and adhesive dynamics of the growth cone, translating the extracellular 
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cues into target-oriented growth (Dickson, 2002; Kalil and Dent, 2005; Song and Poo, 
1999; Tessier-Lavigne and Goodman, 1996; Yu and Bargmann, 2001). 
Invertebrate genetic screens and biochemical purification of guidance factors from 
vertebrate embryos were critical in identifying the ligands and receptors that function 
in axon guidance. Many of these—such as Netrins, Ephrins, Slits—are those that are 
now considered “canonical” axon guidance cues. While it is clear that these cues 
trigger signaling activity that eventually impinges on cytoskeletal and adhesive 
dynamics, the links between these events can be complex. Components of 
intracellular signaling networks employed in axon guidance can be expected to play 
roles in other developmental and cellular contexts, and these pathways may be 
interlinked in complex and nonlinear ways. Due to the myriad components and 
potential complexity of these systems, investigating the mediation steps between the 
cell surface inputs and altered motility outputs has been referred to as the Baroque 
period in axon guidance (Schmucker, 2003).  
 
1.2 The semiotics of axon guidance: molecules and meaning in the 
growth cone 
Cell signaling is at its core a system of representation. Molecules or patterns of 
molecules are able to signify something about the internal state of the cell or the 
external environment. This information is propagated and interpreted through 
signaling networks that are able to produce as their output meaningful cellular 
responses. Grappling with the nature of these signaling networks and their ability to 
encode information and perform interpretative functions is one of the greatest tasks 
facing cell biology. 
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Axon guidance is a special and complex case of intercellular signaling. It is clear 
that growth cones utilize a broad spectrum of cues present in their environment as 
navigational aids. These include the “canonical” axon guidance molecules mentioned 
above, since their first or best characterized function is as guidance cues, but also a 
number of other types of substances. Molecules of interest to biologists are 
categorized based on functional, biochemical and structural properties into groups 
such as cell adhesion molecules, transcription factors, morphogens, neurotransmitters, 
growth factors, or hormones. Reflecting perhaps both the opportunistic nature of 
evolution and the artificiality of our classification of molecules into functional types, 
representatives of all these molecular classes are known to function as axon guidance 
cues in some contexts (Augsburger et al., 1999; Brunet et al., 2005; Charron et al., 
2003; Charron and Tessier-Lavigne, 2005; McFarlane and Holt, 1996; van Kesteren 
and Spencer, 2003).  
The fact that proteins (or conserved modules of interacting proteins) are reused in 
widely disparate contexts underscores the idea that biological molecules do not have 
intrinsic significance (e.g. “proliferate” or “migrate”) but can only become 
meaningful through network interactions. This point is important because it has 
become clear in recent years that few if any guidance cues provide uniform instructive 
information (Yu and Bargmann, 2001). In light of this “structuralist” framework for 
understanding signaling, it may be more useful to think of cues as representing spatial 
and directional information that a growth cone interprets according to its identity, 
context, and experience. By analogy to a more familiar mode of navigation, guidance 
cues are not instructive like stop signs or green lights, but informational like highway 
signs that tell you what road you are on, which way is north, or where to turn for a 
particular destination. Consistent with this, growth cones alter their responsiveness to 
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given cues over time and based on experience, in order to reach the correct final 
destination. 
This complex view of growth cone signaling is necessary in order to be able to 
explain observed developmental phenomena. In particular, how a growth cone 
negotiates successive stages of pathfinding to a target critically depends on its ability 
to follow environmental cues and, when appropriate, alter its interpretation of them.  
 
1.3 Intermediate targets, altered responsiveness, and axon 
pathfinding at the embryonic midline 
Research on the peripheral nervous system of the grasshopper done in 1970s and 
1980s characterized cells called guideposts, hypothesized to be “stepping stones” 
required for extending axons to make appropriate pathfinding decisions (Bate, 1976; 
Bentley and Caudy, 1983; Bentley and Keshishian, 1982; Ho and Goodman, 1982). 
Growth cones from the same lineage or growing along the same initial pathway were 
also observed to diverge at sites termed choice points (Raper et al., 1983). This 
suggested that long axonal trajectories are broken into discrete segments, each 
potentially characterized by particular sets of local guidance cues produced by the 
guideposts. Within the axon guidance literature the ideas of guideposts and choice 
points have become merged and generalized into the concept of an intermediate 
target. 
Intermediate targets have not been rigorously defined, and the term is used in a 
number of ways. However, usage of the term tends to converge on three main 
features. First and foremost, intermediate targets are sources of cues (contact 
mediated and/or long range) that guide axons part of the way to their final target 
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(Bazigou et al., 2007; Bolz et al., 2004; Bovolenta and Dodd, 1990; Bovolenta and 
Dodd, 1991; Cook et al., 1998; Dickson, 2002; Kadison et al., 2006a; Kadison et al., 
2006b; Long et al., 2004; Richards et al., 1997; Richards et al., 2004; Sabatier et al., 
2004; Shirasaki et al., 1998; Tessier-Lavigne and Goodman, 1996; Tessier-Lavigne et 
al., 1988). Second, growth cone morphology and behavior changes upon reaching 
these sites, in general slowing down and exhibiting an enlarged “searching” 
morphology (Bovolenta and Mason, 1987; Caudy and Bentley, 1986; Halloran and 
Kalil, 1994; Myers and Bastiani, 1993; Tosney and Landmesser, 1985). Third, growth 
cones are only transiently attracted to these targets, and upon reaching them become 
repelled by or indifferent to their associated cues, and subsequently attracted to the 
next intermediate target (Bovolenta and Dodd, 1990; Bovolenta and Dodd, 1991; 
Dickson, 2002; Dodd et al., 1988; Flanagan and Van Vactor, 1998; Garbe and 
Bashaw, 2004; Long et al., 2004; Piper and Holt, 2004; Sabatier et al., 2004; Shirasaki 
et al., 1998; Tessier-Lavigne and Goodman, 1996). This final feature suggests that in 
addition to providing directional guidance, intermediate targets also provide signals 
that allow growth cones to alter the way they interpret their environment. A major 
question then becomes addressing the cell biological mechanisms of altered 
responsiveness. Although several instances of this phenomenon have been observed 
and investigated, a complete picture of how this occurs has not emerged in any 
system.  
Perhaps the most intuitive example of why altered responsiveness is a critical 
feature of axon pathfinding is commissure development. Commissures are axon 
bundles connecting the left and right side of the nervous system. Due to bilateral 
symmetry, these axons will encounter identical environments—and identical 
intermediate targets—on both sides. However, their responses to each target must be 
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pathway-appropriate depending on whether it is encountered ipsilaterally or 
contralaterally. This implies the existence of a switch, triggered at the midline, that 
changes the growth cone’s interpretative machinery (Dodd et al., 1988; Flanagan and 
Van Vactor, 1998).  
The best studied example of altered responsiveness at the midline is the 
Drosophila ventral nerve cord, characterized by two commissures per segment that 
link bilaterally symmetric longitudinal tracts. All axons expressing the Frazzled 
receptor are thought to be attracted to Netrins present at the midline (Harris et al., 
1996; Mitchell et al., 1996). In order for commissural axons to respond to this 
attraction and cross the midline, they must suppress their sensitivity to a diffusing 
repellent produced by midline glia, Slit. This is done by regulating the intracellular 
trafficking of Roundabout (Robo), the Slit receptor (Brose et al., 1999; Kidd et al., 
1998; Rothberg et al., 1988; Seeger et al., 1993; Tear et al., 1993). Prior to crossing, 
the Commissureless (Comm) protein prevents Robo from reaching the cell surface 
(Keleman et al., 2002; Keleman et al., 2005; Tear et al., 1996). After crossing, 
however, Robo receptors are able to reach the contralateral axonal surface and bind 
Slit. This is required to prevent axons from recrossing within an adjacent commissure 
(Seeger et al., 1993). Several questions remain, including how Comm itself is 
regulated to relieve Robo inhibition contralaterally, and how this activity is restricted 
to post-crossing axon segments—i.e. how the axon knows the midline has been 
crossed (Dickson and Gilestro, 2006). 
As in the case of Robo, the regulation of the surface localization of receptors and 
adhesion molecules seems to play a role in other commissural contexts. Several 
spatially restricted patterns of adhesion molecule localization have been observed in 
commissural axons of the rodent spinal cord. For example, TAG-1 is restricted to 
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ipsilateral segments of commissural axons, while L1 is present only on crossed 
segments (Dodd et al., 1988). NrCAM, in contrast, is present at high levels on the 
axon surface only within the floor plate (Lustig et al., 2001; Stoeckli and Landmesser, 
1995). 
Two members of the Eph class of receptor tyrosine kinases show restricted 
localization in spinal cord commissures. In mouse, EphB1 mRNA is present 
throughout the axons, but the protein is detectable only after the floor plate has been 
crossed (Imondi et al., 2000). In the chick, EphA2 shows a similar distribution. In this 
latter case, it has been demonstrated that localized translation is regulated by 
sequences in the 3’UTR of EphA2 mRNA (Brittis et al., 2002). 
While the regulation of receptors and other surface molecules is thus far the most 
commonly observed putative mediator of altered responsiveness at intermediate 
targets, it is likely that we have just begun to scratch the surface of potential 
mechanisms. The recognition that modulation of downstream signaling events can 
alter the growth cone’s response to the activation of a given receptor implies that 
these intracellular signaling components could also be potential targets for altered 
responsiveness mechanisms. For example, in vitro, the ratio of the second messengers 
of cAMP and cGMP sets the polarity of growth cone responses to Netrin (Ming et al., 
1997; Nishiyama et al., 2003). In vivo, there is some evidence from zebrafish that this 
mechanism plays a role in olfactory sensory neuron axon guidance at an intermediate 
target (Yoshida et al., 2002). Finally, recent work in the Drosophila visual system has 
revealed a hitherto unsuspected type of interaction between growth cone and target. 
As photoreceptor axons reach the medulla, the ligand Jeb is released from growth 
cones and induces the layer-specific patterning of adhesion molecules in the target 
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(Bazigou et al., 2007). Thus, growth cones may not only follow the signs in their 
environment, but can potentially change them as they go. 
 
1.4 Zebrafish as a neurogenetic model system 
The zebrafish offers several advantages as a model system for studying neural 
development (Eisen, 1991; Gahtan and Baier, 2004; Hendricks and Jesuthasan, 2004; 
Key and Devine, 2003; Kullander, 2005). This work takes advantage of a large-scale 
genetic screen conducted in the mid-1990s analyzing axon guidance in the visual 
system (Baier et al., 1996; Karlstrom et al., 1996; Trowe et al., 1996). The effort to 
sequence the zebrafish genome is nearing completion. In addition to forward genetics, 
reverse genetics is often possible using morpholino antisense oligonucleotides to 
disrupt translation of specific mRNAs. Finally, the optical transparency of the 
embryos and larvae allows for in vivo imaging of fluorescently labeled cells.  
There are some disadvantages for neuroscience research. The zebrafish lacks 
many of the forebrain structures that are of most interest to many neuroscientists, such 
as the cortex or a clear ortholog of the hippocampus (Wullimann and Mueller, 2004b). 
Some higher order processes that occur in these telencephalic structures of mammals 
may occur instead in the mesencephalic tectum of teleost fish, suggesting that some of 
the anatomical substrates for cognitive processes such as learning and memory may 
not be homologous (Pradel et al., 2000). 
In general, however, at an anatomical level the evolution of the vertebrate brain 
has consisted of the elaboration and expansion of anterior structures. Thus, there is 
functional and organizational consistency among all vertebrates in the basal forebrain 
and more posterior structures. This work focuses on an epithalamic structure, the 
habenula, that is a component of a highly conserved pathway linking the limbic 
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forebrain to the midbrain (Concha, 2004; Klemm, 2004). This, together with the fact 
that axon guidance mechanisms tend to be reused in multiple contexts, allows us to be 
confident that our findings will be applicable to higher vertebrates both in terms of the 
development of a particular structure and the molecular functions investigated. 
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Chapter 2 – Characterization of habenular afferents in 
embryonic zebrafish 
2.1 Overview 
The habenular complex is a paired structure found in the diencephalon of all 
vertebrates. Habenulae are asymmetric and may contribute to lateralized behavior. 
Recent studies in zebrafish have characterized molecular pathways that give rise to 
habenular asymmetry and the distinct projections of the left and right habenula. Here, 
we characterize habenular afferents in the zebrafish embryo. By lipophilic dye 
tracing, we find that axons innervating the habenula derive primarily from a region in 
the lateral diencephalon containing calretinin-expressing migrated neurons of the 
eminentia thalami (EmT). EmT neurons terminate in neuropils in both ipsilateral and 
contralateral habenula. These axons, together with axons from migrated neurons of 
the posterior tuberculum and pallial neurons, cross the midline via the habenular 
commissure. Subsets of pallial neurons terminate only in the medial right habenula, 
regardless of which side of the brain they originate from. These include a novel type 
of forebrain projection: axons that cross the midline twice, at both the anterior and 
habenular commissures. Our data establish that there is asymmetric innervation of the 
habenula from the telencephalon, suggesting a mechanism by which habenula 
asymmetry might contribute to lateralized behavior. 
 
2.2 Introduction 
Information is conveyed between the limbic forebrain and midbrain of vertebrates via 
two pathways, the medial forebrain bundle and the dorsal conduction pathway. The 
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habenula, which is a paired structure adjacent to the dorsal midline of the 
diencephalon, is a part of the dorsal pathway (Stacker et al., 1993). In mammals, the 
habenula has been implicated in a range of behaviors including learning and memory, 
nociception, eating, drinking and sexual behavior (reviewed in Klemm 2004). It is a 
region of the brain that is highly sensitive to addictive substances, and lesions to the 
habenula have been associated with cognitive defects (Lecourtier et al., 2004).  
A feature of the habenular complex, from mammals to jawless fish, is its 
asymmetry (Concha and Wilson, 2001; Guglielmotti and Cristino, 2006). The right 
and left habenula can differ in size, neural connectivity and neurotransmitter content. 
Studies on the zebrafish have demonstrated that asymmetry can be specified by Nodal 
signaling during embryonic development (Concha et al., 2000). The parapineal organ 
$migrates to the left and is instrumental in establishing asymmetry (Concha et al., 
2003; Gamse et al., 2003). The adult zebrafish habenula has at least two subnuclei in 
each side. The medial subnucleus, which is larger on the right, projects predominantly 
to the ventral region of the interpeduncular nucleus (IPN), while the lateral 
subnucleus, which  is larger on the left, mainly projects dorsally (Aizawa et al., 2005). 
A consequence of asymmetry is that each habenula sends the majority of its output 
neurons to different regions of the IPN (Aizawa et al., 2005; Gamse et al., 2005). 
In many species, a wide range of behavior, such as fear, hunting and aggression 
responses, are mediated by either the right or left hemisphere of the brain. Predator 
escape responses in toads, for example, are regulated by the right brain (Lippolis et 
al., 2002), while discrimination of fine details, which is important in prey capture, is 
performed better by the left hemisphere (Vallortigara and Rogers, 2005; Vallortigara 
et al., 1998). In the zebrafish frequent situs inversus (fsi) mutant, reversal of habenular 
asymmetry is associated with reversal in eye use in 8 day fry (Barth et al., 2005), 
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consistent with a role for the habenula in mediating some lateralized behaviors. The 
mechanism by which habenular asymmetry might affect such behavior is unclear, 
however. We have approached this issue in the zebrafish by asking what neural 
circuits include the habenula. The habenula is a midway point in the descending 
dorsal conduction network, and although habenula outputs have been well 
characterized in the zebrafish, afferent neurons have not been documented. In several 
other species, axons enter the habenulae after crossing via the habenular commissure 
(Klemm, 2004; Stacker et al., 1993). We thus focus on this commissure as a starting 
point, and go on to demonstrate the existence of a previously uncharacterized 
asymmetry in forebrain circuitry. 
 
2.3 Overview of the habenula in developing zebrafish 
The habenular commissure is composed of axons that course between the habenular 
nuclei, which together with the pineal organ form the epithalamus in the dorsal 
diencephalon. These axons do not arise from the habenulae, and their origins have not 
been characterized in the embryonic zebrafish. To understand the anatomy of this 
commissure, we examined the commissure in dissected whole mount brains using an 
anti-acetylated tubulin antibody, which labels most axonal tracts (Figures 2-1A–2-
1D). Midlevel confocal sections through the habenulae of an embryonic brain at 3 
days post-fertilization (dpf) show that cells lining the commissure form a groove in 
the diencephalic roof plate (Figures 2-1A and 2-1B) At this stage, the left habenula is 
slightly larger than the right, with a more complex neuropil (Figure 2-1C) (Concha et 
al., 2000). In a reconstructed transverse section (Figure 2-1D), the commissural fibers 
can be seen to traverse a single layer of roof plate cells. 
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We used an antibody against SV2, a synaptic glycoprotein (Buckley and Kelly, 
1985), to examine the habenular neuropils in more detail. At 5 dpf, each habenula can 
be seen to contain distinct medial and lateral neuropils. The lateral neuropil appears 
larger in the left habenula (Figures 2-1E and 2-1F, Supplementary file 2-1). We noted 
a medial extension of the medial neuropil that is present only in the right habenula 
(arrow, Figure 2-1E). 
 
2.4 Dye tracing reveals multiple origins for habenular commissural 
axons 
The lipophilic tracers DiI and DiD were used to define the origins of the axons that 
form the habenular commissure. When dye was injected into the commissure, axon 
bundles running through the habenulae were labeled (Figure 2-2A). No habenular 
neurons were labeled in embryos where dye was restricted to the commissure itself; in 
some cases, the dye spread to the habenula, labeling habenular neurons and their 
output, the fasciculus retroflexus. In all cases, dye injections labeled a cluster of 
neurons in the lateral diencephalon and a few cells located more posteriorly (Figures 
2-2B and 2-2C). In a proportion of embryos (6 out of 13), a few neurons in the dorsal 
pallium were labeled (Figures 2-2B and 2-2D).  
The largest cluster of commissural neurons identified by retrograde tracing was 
located rostral to the optic tract (Figure 2-2E), as determined by commissure labeling 
in a transgenic strain expressing GFP under the control of the brn3a promoter 
(Aizawa et al., 2005), which drives expression in retinal ganglion cells. To further 
define the position of neurons contributing to the habenular commissure, embryos 
were fixed after labeling, and then sectioned transversely. Fluorescent cells were 
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visible in regions containing migrated neurons of the eminentia thalami (EmT) 
(Figure 2-2F); labeled cells were also visible more caudally in a region containing 
migrated neurons of the posterior tuberculum (Figure 2-2G), as defined previously 
(Mueller and Wullimann, 2005; Wullimann and Mueller, 2004a). DiI and DiD 
labeling of EmT neurons at 2 dpf confirmed that they extend axons to the habenular 
commissure (Figure 2-2H). Calretinin, a useful marker for neuronal subpopulations, 
including the EmT in many species (Baimbridge et al., 1992), was detected in the 
region of the brain containing EmT neurons (Figures 2-2I to 2-2K). 
Lipophilic dye injections were made into the left dorsal pallium at 5 dpf to 
confirm the contribution of neurons here to the habenula. All 8 injected embryos 
extended axons into the habenula, with their tips adjacent to the roof plate (Figure 2-
2L), but none of the axons had crossed the midline at this stage. To test if olfactory 
bulb neurons innervated the habenula, injections were made into the bulb when it was 
a morphologically distinct structure, for example at 7 and 12 dpf. These injections did 
not lead to labeling of fibers entering the habenula, but to axons that terminated in the 
pallium. 
In summary, the embryonic habenula contains fibers from several forebrain areas. 
The majority enter via the tract of the habenular commissure from the lateral 
diencephalon (EmT), with smaller contributions from the posterior tuberculum; some 
axons enter via the stria medullaris from the dorsal telencephalon (pallium).  
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2.5 Subsets of habenula afferents can be distinguished by different 
promoters 
We examined the habenular complex in transgenic lines expressing kaede regulated 
by either the DeltaD (Tg(DeltaD:GAL4);Tg(UAS:kaede)) or HuC (Tg(HuC:kaede)) 
promoter. For simplicity, these will be referred to as the DeltaD and HuC lines, 
respectively. In both lines, the habenular commissure was visible in embryos from 2 
dpf onwards, but the extent of label was different. The commissure appeared thicker 
in the DeltaD line (Figures 2-3A and 2-3B). This promoter labeled axons that 
terminated in the medial and lateral neuropils of both habenulae, but did not label cell 
bodies within the habenula. The HuC promoter, in contrast, drove expression in 
habenular neurons, obscuring termination zones of afferent axons (Figure 2-3B). 
While both lines expressed kaede in the telencephalon, the HuC line showed 
additional strong expression in the olfactory bulb. (Figures 2-3C and 2-3D). Also, the 
stria medullaris was more strongly labeled in the HuC line. 
The Kaede protein can be photoconverted so that it emits red light instead of green 
(Ando et al., 2002). Photoconversion of neuronal cell bodies or of axons by UV light 
leads to rapid diffusion of red fluorescence throughout neuronal processes (Ando et 
al., 2002; Hatta et al., 2006; Sato et al., 2006b). To characterize axons that enter the 
habenular commissure in the HuC line at 3 dpf, the midline was irradiated with a 405 
nm laser. This led to the labeling of terminals in both habenulae, but the medial 
neuropils were sparsely innervated, at best (Figure 2-3E). This pattern of termination 
is different from that seen in the DeltaD line or with lipophilic labeling of the 
commissure (Figure 2-3F), suggesting that the HuC and DeltaD promoters are active 
in different subsets of habenula afferents. 
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2.6 Targets of habenular afferents 
To characterize innervation of the habenula, Kaede photoconversion and lipophilic 
tracing was used. Photoconversion of the lateral diencephalon resulted in labeling of 
the habenular commissure. Red-colored axons were distinguishable from green ones, 
appearing to form separate bundles. Neurons terminated in the medial and lateral 
neuropils of both ipsilateral and contralateral habenula (Figure 2-4A). Bilateral 
termination was also seen with DiD injection into the lateral diencephalon. The 
intensity of dye label on neurons terminating in the left and right habenula was 
different in some embryos (Figure 2-4B), presumably because different neurons 
received different amounts of the dye. These results establish that EmT neurons 
contribute to both left and right habenula.  
A subset of pallial neurons, in contrast, terminated preferentially in the right 
habenula, as indicated by photoconversion of HuC:kaede fish at 6 or 7 dpf. 
Photoconversion of the anterior-most regions of the left telencephalon labeled axons 
terminating only in the small medial extension of right medial neuropil (Figures 2-4C 
and 2-4D). Photoconversion of anterior and central left pallium led to the labeling of 
axons that terminated in two locations in the right habenula (Figures 2-4E and 2-4F). 
When the right telencephalon was irradiated, terminations were again seen only in the 
right habenula. As with the left side, photoconversion of the anterior-most regions 
only labeled axons that terminated in the small medial extension of the medial 
neuropil. When more central regions were included, a second termination zone was 
also visible. 
Strikingly, some axons from the right anterior telencephalon arrived at the right 
medial neuropil via the habenular commissure (i.e. from the left side of the 
epithalamus), just like those from the left telencephalon (Figure 2-4G). 
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Photoconversion of the telencephalon leads to extensive labeling of the anterior 
commissure. In our photoconversions of the right telencephalon, no cell bodies on the 
left side were labeled other than some retrogradely labeled olfactory bulb neurons, 
and only the anterior and habenular commissures contain labeled fibers. We surmise 
that these axons from the right telencephalon crossed first in the anterior commissure, 
then recrossed the midline at the habenular commissure (Figure 2-6C). 
In addition to the medial right termination, a proportion of neurons from the left 
pallium terminated in the lateral neuropil of the left habenula. This was seen by 
imaging embryos where DiI had been injected into the left dorsal pallium (Figure 2-
4L). Although most axons were bundled, a few extensions into the lateral neuropil, 
were visible in 2 of 8 embryos. Dye-labeled axons from the right dorsal pallium, in 
contrast, defasciculated and innervated the medial neuropil of the right habenula in all 
cases examined (n=5) (Figure 2-4K). This suggests that there is an asymmetric 
ipsilateral component to habenular innervation. 
 
2.7 Other targets of habenular commissure axons 
We also characterized the projection of commissural axons that had been labeled by 
electroporation. (Figures 2-5A and 2-5B). Variations were seen in the pattern of 
innervation, presumably because the electroporation led to transfection of different 
cells in different embryos. In general, terminals were visible within the habenular 
neuropils. In addition to this, commissural axons extending beyond the contralateral 
habenula were seen (Figures 2-5C and 2-5D). These bifurcated into two bundles, the 
stria medullaris, which terminated in the telencephalon, and a diencephalic bundle, 





We have identified neurons that contribute to the habenular commissure and innervate 
the habenulae of young zebrafish. A schematic diagram of the larval zebrafish 
habenular system is shown in Figure 2-6. The main input is from migrated neurons of 
the EmT (Figure 2-6A and 2-6B), which gives rise to the entopeduncular nucleus of 
the adult (Wullimann and Mueller, 2004a). Axons entering the habenula via the stria 
medullaris from the telencephalon and from the posterior tuberculum make up a 
smaller proportion of commissural fibers. A major finding  of this study, made using a 
Kaede transgenic line, is that a subset of neurons from the anterior pallium terminate 
asymmetrically in the right habenula, within a small extension of the medial neuropil 
(Figure 2-6C and 2-6D).  
 
2.8.1 Zebrafish habenular afferents in comparison to other species 
The identities of neurons innervating the habenula of the zebrafish larva are broadly 
consistent with those previously reported for other vertebrates. In the axolotl, EmT 
neurons extend axons into the habenula (Sretavan and Kruger, 1998), while in the 
adult trout  (Yanez and Anadon, 1996) and goldfish (Villani et al., 1996), afferents 
arise from the entopeduncular nucleus. The mammalian habenula receives innervation 
from a variety of sources including the entopeduncular nucleus and from septal 
neurons via the stria medullaris (Suto et al., 2005). The posterior tuberculum has also 
been shown to contribute to both the ipsilateral and contralateral habenulae in the 
trout (Yanez and Anadon, 1996), crossing via the habenular commissure.  
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DiI labeling of the trout habenular commissure led to labeling of mitral cells in the 
olfactory bulb (Folgueira et al., 2004). Likewise, olfactory bulb neurons in a lamprey, 
snakes and rats (see Yanez and Anadon, 1996 for discussion) have also been reported 
to extend axons that cross the midline via the habenular commissure, based on various 
tracing techniques. This is in contrast to findings in mammals that olfactory bulb 
afferents do not innervate the habenular complex (Herkenham and Nauta, 1977). Our 
experiments do not provide evidence for this projection in the zebrafish embryo. No 
habenular inputs were detected when the olfactory bulb was specifically labeled by 
lipophilic dye injection. Photoconversion of the anterior forebrain in  HuC: kaede 
transgenic fish, which have strong fluorescence in olfactory bulb neurons, led to 
strong label only in neurons that terminated in the telencephalon; weaker label was 
seen in axons entering the habenula. It is possible, however, that an olfacto-habenular 
projection develops later and is a feature of mature zebrafish, or that the relevant 
neurons were not labeled in our experiments. 
As we were interested in understanding connectivity in the descending dorsal 
conduction pathway, the present study has focused on habenular afferents originating 
in the forebrain. In other species, midbrain neurons have been shown to innervate the 
habenula via the fasciculus retroflexus (Stacker et al., 1993). The presence of such 
ascending afferents remains to be demonstrated in larval zebrafish. 
 
2.8.2 Differential innervation of the zebrafish habenula 
The results presented here suggest that the left and right habenula have different 
sources of innervation. In particular, a subset of anterior forebrain neurons project 
exclusively to the medial extension of the medial neuropil of the right habenula. We 
suggest that axons with this right-sided termination derive from the pallium, as the 
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medial termination was seen when irradiation retrogradely labeled olfactory bulb 
neurons but not olfactory sensory neurons. These axons may originate from the bed 
nucleus of the stria medullaris. Further characterization of these neurons requires 
additional tools, such as multiphoton-based photoconversion, which would allow 
selective labeling of specific focal planes. 
Some habenular afferents originating from the right telencephalon cross the 
midline twice: first at the anterior then the habenular commissure (Figure 2-6C). 
Midline recrossing has been described in a only a few other cases, including a small 
percentage of retinal ganglion cell axons in the goldfish, which cross first in the optic 
chiasm then recross within the thalamus (Fraley and Sharma, 1984), and a similarly 
small proportion of fibers within cerebellothalamic projections of rodents (Angaut et 
al., 1985). To our knowledge, this is the first report of a telencephalic projection that 
crosses the midline twice. 
Several genes have been identified that are expressed specifically on the left or 
right side of the zebrafish epithalamus, but none so far that are expressed 
asymmetrically in the telencephalon. Asymmetries within the epithalamus, in the form 
of axon guidance signals and specific synaptogenic cues, may thus impose laterality 
on equivalent projections from the left and right pallium.  
The largest habenulopetal projection in the embryonic zebrafish is from the 
EmT, which gives rise to the adult entopeduncular nucleus. While this structure has 
been considered part of the telencephalon in some teleosts (Yanez and Anadon, 1996), 
developmental studies suggest it is of diencephalic origin, unlike in amniotes 
(Wullimann and Mueller, 2004a). We were unable to find any obvious asymmetry in 
this projection, which has rich bilateral innervation of both neuropils. As in trout, this 
is clearly a major source of habenular afferents in zebrafish larvae and must be 
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considered in studies seeking to understand habenular circuitry and habenula-
mediated behavior. 
 
2.8.3 Termination outside the habenula 
Not all neurons that utilize the habenular commissure terminate within the habenulae. 
Instead, some neurons project to the contralateral telencephalon and diencephalon. 
These projections were most evident following unilateral electroporation. In cases of 
electroporation where more diencephalic and fewer telencephalic neurons were 
transfected, commissural outputs in the contralateral stria medullaris were reduced or 
absent (data not shown), suggesting this tract primarily contains interpallial 
connections. The presence of this projection, which has been previously reported for a 
number of species, including the trout (Folgueira et al., 2003; Folgueira et al., 2004; 
Yanez and Anadon, 1996), catfish (Bass, 1981) and goldfish (von Bartheld et al., 
1984), should be considered when interpreting experiments involving physical 
ablation of the habenula.  
 
2.8.4 Formation of the habenular commissure 
Cells from the EmT and posterior tuberculum were labeled in all cases following dye 
injection at the dorsal midline beginning at 2 dpf. Pallial neurons, in contrast, were 
only occasionally labeled. This may be because of the incomplete nature of dye 
labeling, or because only a few pallial neurons enter the commissure at 2 dpf. Most 
pallial axons may cross after 5 dpf, as suggested by the finding that lipophilic dye 
injection into the telencephalon at 5 dpf labeled many axons that had reached, but not 




We have identified a number of afferents to the habenula of larval zebrafish, and 
established that there is asymmetric termination of forebrain neurons in the habenula. 
Our data suggests one way in which neural circuits underlying lateralized behavior 
may be organized. Specifically, we propose that habenular asymmetry enables left-
right differences in the architecture of the dorsal diencephalic conduction pathway, 
one of the most conserved circuits in the vertebrate brain. 
 
2.10 Experimental procedures 
Zebrafish 
Zebrafish stocks were maintained according to standard practices. The Tg(brn3a-
hsp70:gfp) and the Tg(HuC:kaede) (Sato et al., 2006a) lines were a gift from the 
Okamoto lab (Riken Brain Science Institute, Japan). The 
Tg(DeltaD:GAL4);Tg(UAS:kaede) line (Hatta et al., 2006) was a gift from Kohei 
Hatta (Riken Center for Developmental Biology, Kobe, Japan). Anatomical 
nomenclature is based on (Mueller and Wullimann, 2005). 
 
Whole mount immunohistochemistry 
Embryos were fixed in 4% paraformaldehyde (PFA) or 2% trichloracetic acid (TCA) 
for 3 hours at room temperature, permeabilized with 2% Triton X-100 in PBS, 
blocked with 5% normal goat serum (NGS) in PBT (PBS with 1% Triton X-100). 
Primary labeling was done at 4°C overnight, followed by several washes and 
secondary labeling in PBT. For brain whole mounts, embryos were anaesthetized in 
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tricaine (Sigma) in Ringers/0.1% BSA and their brains removed with tungsten 
needles, fixed in 4% PFA, and processed as above. Antibodies against acetylated 
tubulin (Sigma, lot number 054K4835) and calretinin (Swant, lot number 18299) were 
used at 1:1000 while SV2 (Developmental Studies Hybridoma Bank) was used at 
1:500. All antibodies have been used previously in the zebrafish (Castro et al., 2006; 
Devine and Key, 2003) and in other species (Buckley and Kelly, 1985), and their 
specificity is well established. The pattern of staining obtained here is consistent with 
previous studies. Alexa-conjugated secondary antibodies (Molecular Probes, 
Invitrogen) were used at 1:500; Syto-11 (Molecular Probes) was used at 1:10,000. 
  
Microscopy and images 
Following antibody labeling, brains were imaged on a Zeiss LSM510 laser scanning 
confocal microscope using 20x (NA 0.5) and 40x (NA 0.8) water-immersion 
objectives. Projections of z-sections, orthogonal planes, and adjustment of brightness 
and contrast were done using Zeiss LSM software, Adobe Photoshop, and 
MetaMorph. Some fluorescence images were LUT-inverted to improve clarity. To 
reduce noise, a median filter (Adobe Photoshop, radius 1) was applied to the image in 
Figure 2-2C. Volume rendering of SV2 labeled structures was carried out using 
OsiriX or Volocity (Improvision). 
 
Lipophilic dye injection 
Live zebrafish embryos were anaesthetized in tricaine (Sigma A5040) and embedded 
in 1.2% low-melting  point agarose (LMPA, BioRad; dissolved in embryo water) on a 
multitest slide with 8 wells (ICN Pharmaceuticals). Embryos were mounted such that 
the pineal faced upwards, and was at the agar-air interface. A saturated solution of DiI 
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or DiD (Molecular Probes, Invitrogen) in ethanol was then injected into the embryo 
using a Picosprizter. Injections were carried out under a 40x water immersion 
objective on a fixed stage upright microscope (Zeiss FSII). The microinjection needle 
(1.00 mm outer diameter, 0.78 mm inner diameter; Sutter) was pulled on a Flaming-
Brown P-97 puller (Sutter Instruments). A Narishige hanging joystick manipulator 
was used to aid positioning of the tip of the needle within the embryo. DIC optics was 
used to place the needle and fluorescence illumination was used to monitor injection.  
After injection, embryos were imaged with laser scanning confocal microscopy, using 
a 40x water immersion objective. To image from different orientations, the brain was 
dissected out in Ringers saline, and mounted in 1.2% agarose/Ringers. The data 
presented here is based on imaging of over 100 embryos. Injections were also carried 
out on fixed samples (n=30). Brains were dissected in phosphate buffered saline 
(PBS), and mounted in 1.2% agarose /PBS for injection and imaging. 
 
Vibratome sectioning 
The habenula commissure of fish at 3 or 7 dpf was labeled with DiI. Fish were fixed 
in 4% PFA for 24 hours at 4˚C. Fish were embedded in 4% agarose, which was then 
cut into blocks. The blocks were stuck perpendicular to the vibratome blade motion 
on a vibratome chuck with cyno-acrylic glue. 40 µm sections were made and agarose 
surrounding the tissue sections was removed with a paintbrush. 
 
Photoconversion of Kaede 
Anaesthetized embryos were mounted in 1.2% agarose in E3 and imaged using a 40x 
0.8 NA water immersion objective on an inverted microscope (Axiovert 200M, Zeiss 
LSM510). The region to be converted was defined using the ROI function, and 
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illuminated with a 405 nm laser at 10% power for 100 iterations. This led to 
photoconversion of all Kaede-expressing cells in all focal planes within the region of 
interest. Embryos were imaged 3 hours after photoconversion. 
 
Electroporation  
UAS:egfp was constructed by replacing the CMV promoter in pEGFP-N1 (Clontech) 
with a UAS driver consisting of 14 tandem UAS elements and a fish basal promoter 
(Koster and Fraser, 2001). HuC:gal4 (D'Souza et al., 2005) and UAS: egfp plasmids  
were cotransfected into the brain by electroporation. ~30 hpf embryos were mounted 
in 1% LMPA in Electroporation Ringers (ER) (Cerda et al., 2006). Custom-made 
parallel platinum iridium electrodes (FHC, Bowdoinham, USA), spaced 500 µm 
apart, were positioned with the forebrain between the positive and negative leads. 
DNA (~1 µg/µl) was pressure injected into the brain ventricle as well as directly into 
the lateral diencephalon; two trains of five 30V, 1-millisecond pulses were delivered 
with a Grass SD9 stimulator. 
Figure 2-1. The habenula in developing zebrafish. A 3-dpf brain after whole-mount 
labeling with an antibody to acetylated tubulin (A) and the nuclear dye Syto-11 (B), shown 
in dorsal view. The habenular commissure (arrow, A) traverses the dorsal brain in a groove 
(arrow, B) and enters the habenulae. (C) Merge of panels A and B. (D) In a frontal view, made 
by reconstruction of the z-stack, the habenular commissure (arrow) can be seen to be located 
between the roofplate (arrowhead) and the pineal gland. (E) Dorsal view of a 5-dpf fish 
following immunolabeling with the SV2 antibody. The arrow indicates a right side-specific 
medial extension of the neuropil. (F) Volume rendered view of habenulae of the embryo 
in panel E, rotated 90° around the y-axis, showing size disparities in the medial and lateral 
neuropils of the left and right habenulae. hc, habenular commissure; lHb, left habenula; lm, 
left medial habenular neuropil; ll, left lateral habenular neuropil; n, neuropil; pc, posterior 
commissure; rHb, right habenula; rm, right medial habenular neuropil; rl, right lateral 
habenular neuropil; Pa, pallium; TeO, tectum opticum; v, ventricle. Scale bars = 50 µm.
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Figure 2-3. Transgenic lines 
expressing Kaede in habenular 
afferents. (A) A 3-dpf embryo with 
kaede driven by the DeltaD promoter. 
The habenular commissure is labeled 
(arrow). Scattered neurons are visible 
in the pineal, while the habenula is 
unlabeled. (B) A 3-dpf embryo
with kaede driven by an HuC 
promoter. The habenulae fluoresce. 
The commissure (arrow) is narrower 
than in the DeltaD line. (C) An 
optical section through the forebrain 
of a 3-dpf embryo with kaede 
regulated by the DeltaD promoter. 
Fluorescence is detected in the 
telencephalon. (D) In an HuC:Kaede 
3-dpf embryo, olfactory bulb 
neurons fluoresce more strongly than 
telencephalon neurons, as seen in this 
optical section. (E) Photoconversion 
of the midline of a 3-dpf HuC:Kaede 
embryo. Red terminals are 
visible mainly in lateral neuropils 
(arrowhead) of both habenula, with 
some terminals visible in the right 
medial neuropil of this embryo. 
Arrows indicate the medial neuropils. 
(F) DiD injection into the habenular 
commissure (arrow) of a 3-day-old embryo. Many terminals within the medial neuropil of 
the left habenula have been labeled (arrowhead). rHb, right habenula; lHb, left habenula; OB, 
olfactory bulb; Pa, pallium. All embryos are shown in dorsal view. Scale bars = 50 µm.
Figure 2-2. Continued from previous page. (K) Merge of H with anti-acetylated tubulin 
immunofluorescence (J), showing the position of calretinin-positive cells (yellow arrowhead) 
relative to the lateral forebrain bundle. Syto-11 staining of cell nuclei (blue) delineates the 
telencephalon-diencephalon boundary (white arrowhead). (L) DiI injection into the left dorsal 
pallium at 5 dpf. Axons extending into the left habenula (outlined) have been labeled (arrow). 
No terminals are visible within the neuropils (arrowheads) of the habenula (outlined). The 
embryo is shown in dorsal view. ac, anterior commissure; lfb, lateral forebrain bundle; ot, 
optic tract; sm, stria medularis; thc, tract of the habenular commissure; m, melanophore; lHb, 
left habenula; rHb, right habenula; p, pineal; EmT, eminentia thalami; OB, olfactory bulb; 
Pa, pallium; PT, posterior tuberculum; TeO, tectum opticum; H, hypothalamus; p, pituitary; 
r, retina; T, tegmentum. All images are projections of z-stacks. Black arrowheads indicate 
autofluorescent blood vessels. Scale bars = 50 µm.
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Figure 2-5. Neuronal tracing with in vivo electroporation. A 3-dpf fish, following 
electroporation of the right brain with HuC:Gal4/UAS:EGFP plasmids. (A) Dorsal view, 
showing EGFP-transfected neurons in the forebrain, with labeled axons in the habenular 
commissure (arrow). Some commissural axons have innervated neuropils in the left habenula 
(arrowhead). (B) Merge with anti-acetylated tubulin immunofluorescence (red). (C) Lateral 
view of the same embryo, showing labeled habenular commissure axons separating into two 
bundles, one heading rostrally (stria medullaris, arrow) and the other ventrally (arrowhead). 
(D) Merge with anti-acetylated tubulin immunofluorescence. The tract of the habenula 
commissure is indicated with the yellow arrow. lHb, left habenula; rHb, right habenula; TeO, 
tectum opticum. Scale bar = 100 µm.
Figure 2-4. Continued from previous page. (E) Photoconversion of the left pallium. Two 
termination zones are visible in the right habenula (arrowheads). Olfactory bulb neurons have 
been retrogradely labeled (arrow), but olfactory sensory neurons are not labeled. (F) Merge 
of panel E with green channel (unconverted Kaede). (G) Irradiation of the right anterior 
forebrain. Terminals in the right habenula are indicated (arrowhead). (H) A projection of 
the top 20 sections of the same stack, showing converted (red) and nonconverted (green) 
Kaede. (I) Irradiation of the right pallium. Terminals are seen only within the right habenula, 
in two distinct locations. (J) A projection of the top 14 sections of the embryo in I, showing 
the position of the terminals relative to the whole habenula. (K,L) DiI injection into the left 
(L) and right (K) dorsal anterior pallium of 5 dpf-fish. (K) There are small extensions in the 
lateral left neuropil (arrowhead). One axon has entered the right habenula via the right stria 
medullaris (arrow), after apparently crossing via the anterior commissure. (L) Axons from the 
right pallium unbundled in the right habenula. ac, anterior commissure; lHb, left habenula; m, 
melanophore; Pa, pallium; rHb, right habenula; TeO, tectum opticum. All images are dorsal 
views, and are projections of z-stacks. Scale bar = 50 µm. 
Figure 2-6. Schematic diagram of the larval habenular system, showing major inputs 
and outputs. (A) Pallial inputs are in blue, those from the diencephalon (EmT and posterior 
tuberculum) are in green. Habenular outputs to the interpeduncular nucleus are shown in 
orange and yellow. The pineal and parapineal, which are situated just above the habenular 
commissure at this stage, are not shown. (B) Diencephalic contributions to the habenular 
commissure, primarily from the EmT, terminate both ipsilaterally and contralaterally. 
(C,D) The pallial projection described in this study projects only to the right habenula. (C) 
Habenulopetal projections from the right pallium project to the ipsilateral habenula via the 
stria medullaris, and by decussating twice via the anterior and habenular commissures. (D) 
Left pallium projections to the right habenula project contralaterally via the stria medullaris 
and habenular commissure. Terminations in the diencephalon and pallium derive from axons 
that have traversed the habenula commissure. ac, anterior commissure; EmT, eminentia 
thalami; fr, fasciculus retrofl exus; rHb, right habenula; lHb, left habenula; hc, habenular 
commissure; IPN, interperduncular nucleus; PT, posterior tuberculum; TeO, optic tectum; sm, 
stria medullaris; thc, tract of the habenular commissure. 
A
B C D
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Chapter 3 – Electroporation-based methods for analysis of 
zebrafish brain development 
3.1 Overview 
In order to investigate mechanisms of habenular commissure development, we 
required experimental techniques that would allow us to manipulate and analyze the 
relevant relatively small population of neurons. This chapter presents a suite of 
techniques developed or optimized for the study of neural development in zebrafish. 
Electroporation is a technique for the introduction of nucleic acids and other 
macromolecules into cells. In chick embryos it has been a particularly powerful 
technique for the spatial and temporal control of gene expression in developmental 
studies. Electroporation methods have also been reported for Xenopus, zebrafish, and 
mouse. We present a new protocol for zebrafish brain electroporation. Using a simple 
set-up with fixed spaced electrodes and microinjection equipment, it is possible to 
electroporate 50 to 100 embryos in 1 hour with no lethality and consistently high 
levels of transgene expression in numerous cells. Transfected cells in the zebrafish 
brain are amenable to in vivo time lapse imaging. Explants containing transfected 
neurons can be cultured for in vitro analysis. We also present a simple enzymatic 
method to isolate whole brains from fixed zebrafish for immunocytochemistry. 
Building on previously described methods, we have optimized several parameters to 
allow for highly efficient unilateral or bilateral transgenesis of a large number of cells 
in the zebrafish brain. This method is simple and provides consistently high levels of 




Electroporation has been used successfully in chick embryos to perform gain of 
function (overexpression) and loss of function (dominant negative, small interfering 
RNA, morpholino) studies in various tissues, particularly the spinal cord (Krull, 2004; 
Nakamura et al., 2004). More recently, similar protocols have been presented for use 
with Xenopus (Haas et al., 2002) and zebrafish (Cerda et al., 2006; Tawk et al., 2002; 
Teh et al., 2003; Thummel et al., 2006), and somewhat more arduous technical 
methods can be used for in utero electroporation of mice (Saito and Nakatsuji, 2001; 
Tabata and Nakajima, 2001). All electroporation techniques are based on the 
application of an electric field to a tissue in the presence of a macromolecule of 
interest. The field induces transient pores in the plasma membrane of cells, as well as 
bulk flow of charged molecules toward one of the electrodes (for example, toward the 
cathode for negatively charged nucleic acids). This directional aspect of 
electroporation has been taken advantage of to unilaterally transfect the neural tube of 
chick, Xenopus, and zebrafish. 
 We began experimenting with electroporation of zebrafish in order to examine 
the development of commissural axon projections in the brain. Unilateral 
electroporation is an ideal technique as it allows one to visualize in detail the midline 
and contralateral behavior of commissural axons. In the transparent zebrafish embryo, 
it is possible to take time lapse movies of growth cone migration in transfected cells. 
In our studies we attempted to use existing electroporation techniques as well as DNA 
injection at the 1-cell stage, but found them insufficient for our purposes for two 
reasons. First, we were examining the axonal projections of the esrom mutant, in 
which homozygous embryos could not be distinguished from wild-type siblings at the 
time of electroporation (1 day post fertilization (dpf)), thus only 25% of successful 
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electroporations would be of interest. This meant a large number of embryos had to be 
electroporated, with the highest possible rate of success. Second, the majority of 
axons of interest to us originated from the eminentia thalami (EmT), a small cluster of 
cells in the lateral forebrain, which necessitated a method that would reproducibly 
lead to the transfection of a large number of cells. 
 
3.3 Results and discussion 
After experimenting with variations on existing protocols for zebrafish brain 
electroporation (Cerda et al., 2006; Teh et al., 2003), we obtained the most consistent 
results with the experimental set-up shown in Figure 3-1. We found that the electrode 
design parameters, mounting method, voltage, and the use of the GAL4/UAS system 
(a bipartite expression system based on the yeast GAL4 transcription factor, which 
drives expression of transgenes regulated by upstream activating sequences, UAS) 
were all critical to obtaining reproducibly high levels of expression in terms of 
number of cells, transgene levels within cells, and duration of expression. Pulse 
generation parameters did not seem to be critical to successful electroporation: single 
pulses and trains of pulses at various frequencies and durations gave similar results.  
The equipment used (Figure 3-1A) is found in most developmental biology 
laboratories. The Grass SD9 stimulator is a basic, inexpensive square wave pulse 
generator that is simple to use. The electrodes are platinum iridium parallel bipolar 
electrodes built to custom specifications (see 3.4 - Materials and methods). Embryos 
electroporated at 20-24 hpf gave more consistent results than older embryos (not 
shown). Embryos were mounted yolk-up such that the brain area of interest was 
accessible to both the electrodes and microinjection needle (Figure 3-1B). One or both 
of the electrodes may be in contact with the embryo’s eye(s). It is critical that 
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embryos be mounted in individual agarose drops rather than multiple embryos 
mounted together in a larger volume of agarose (Figure 3-1C). With some practice, it 
is possible to electroporate up to 100 embryos in 1 hour with no lethality. When 
embryos did not survive the procedure, it was normally due to excessive damage with 
the microinjection needle or during removal from the agarose. 
We compared the use of single plasmids with a two plasmid GAL4/UAS system, 
consisting of the neuronal HuC promoter driving GAL4 and enhanced green 
fluorescent protein (EGFP) or a transgene of interest driven by tandem UAS elements 
upstream of a basal fish promoter (Koster and Fraser, 2001). Both expression level 
and number of cells expressing transgenes at detectable levels were increased several-
fold when the two-component system was used, compared to EGFP driven directly by 
cytomegalovirus (CMV), HuC, or α-tubulin promoters (not shown).  
Electroporation of the right forebrain with pHuC:GAL4/pUAS:EGFP led to robust 
expression at 2 dpf and labeling of many contralaterally projecting axons (Figure 3-
2A). Expression is visible under epifluorescence in most embryos as early as 3.5-4 
hours after electroporation. If the injection site and electrode position are kept 
constant throughout an experiment, all embryos will show similar expression patterns. 
Table 3-1 shows results for a typical experiment. The voltage is important for high, 
reproducible expression levels with minimal lethality, with sharp decreases in 
transfection rates below 30 V. Lower voltages may be useful when fewer transfected 
cells are desired. Using volume rendering software, confocal z-stacks can be 
assembled into high-resolution reconstructions of the transfected neurons and their 
projections (Supplementary file 3-1). To test if two transgenes can be coexpressed in 
the same cells, we coelectroporated three plasmids: pHuC:GAL4/ pUAS:EGFP/ 
pUAS:mCherry (Figure 3-2B). While the majority of transfected cells expressed both 
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fluorescent proteins, there is a wide range of relative expression levels, as well as cells 
that express detectable levels of just one transgene. By sampling from two 
coelectroporated embryos we estimated that roughly 60% of cells express both 
transgenes at high levels (see Materials and methods for details). 
 
Table 3-1. Electroporation results at 48hpf 
 Transfection levels*  
Voltage +++ ++ + None Dead 
30 (n = 77†) 72 (94%) 3 (4%) - - 2 (3%) 
20 (n = 16) 2 8 5 1 - 
10 (n = 16) - - 5 11 - 
Injection of 0.7 mg/ml each pHuc:GAL4/pUAS:EGFP into the lateral forebrain and ventricle 
was followed by two manually applied trains of five 1 ms pulses at the indicated voltage. 
Transfection levels were greatly decreased with voltages lower than 30 V. *Embryos were 
viewed dorsally under a compound fluorescence microscope and categorized according to 
extent of transgene expression: +++, similar to Figure 3-2A or higher; ++, intermediate levels; 
+, few enough cells to make out and count individually, fewer than 20. †Of 80 embryos 
electroporated in 2 experiments, 3 were killed by mechanical damage during removal from 
agarose and are not included. 
 
We noted elevated levels of cell death, ascertained by staining with acridine 
orange, in electroporated embryos (Figure 3-2E). These cells were scattered 
bilaterally, suggesting that death was not a result of transfection but likely an effect of 
electric field application. Brain morphology and axon projections appeared normal in 
older electroporated embryos (Figures 3-2A to 3-2C and Figure 3-4), suggesting that 
the increased cell death did not cause gross defects in brain development. 
Zebrafish embryos are transparent, allowing for in vivo time lapse imaging of 
fluorescently labeled cells and structures. This has been taken advantage of to capture 
the dynamics of commissural axons using lipophilic tracer dyes (Hutson and Chien, 
2002) and transgenic lines (Bak and Fraser, 2003). Electroporation allows the 
extension of these techniques to the analysis of the effects of specific transgenes on 
growth cone dynamics. We used electroporation of pHuC:GAL4/pUAS:EGFP to 
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make time lapse movies of the zebrafish habenular commissure, which forms in the 
dorsal diencephalon at around 45-48 hpf (Figure 3-2C; Supplementary movie 3-1). 
Expression of various transgenes will allow us to test the requirements of specific 
signaling pathways for midline crossing. 
Our experimental objective was to test transgenes predicted to affect axon 
guidance. To this end, we made a Gateway expression vector to facilitate the rapid 
cloning and expression of genes of interest as carboxy-terminal EGFP fusion proteins 
under the control of UAS. We have tested dominant negative receptor constructs, 
where the cytoplasmic domain of a receptor of interest has been replaced with EGFP. 
We constructed receptor fusions for canonical axon guidance receptor classes 
including Ephs, Deleted in Colorectal Carcinoma (DCC), and Robos. Ryk, a 
vertebrate homolog of Drosophila Derailed, is a Wnt receptor with several functions 
in axon guidance, including the topographic mapping of retinal axons (Keeble and 
Cooper, 2006; Schmitt et al., 2006). We constructed a dominant negative zebrafish 
Ryk receptor fused to EGFP (dnRyk:EGFP) and used electroporation to express it in a 
subset of retinal ganglion cells (Figure 3-3A). The resulting tectal projections (not 
shown) were easily observed in vivo. 
The Eph receptor tyrosine kinases constitute a large class of axon guidance 
receptors. We made dominant negative Eph receptors, including EphB3. Expression 
of dnEphB3-EGFP in a habenular neuron affected axonal behavior. Habenular 
neurons normally project ventroposteriorly via the fasciculus retroflexus to the 
interpeduncular nucleus (Aizawa et al., 2005; Gamse et al., 2005; Yanez and Anadon, 
1996). Figure 3-3B shows a habenular neuron expressing dnEphB3-EGFP, which 
caused abnormal process branching and elaboration over the epithalamus, including 
into the pineal organ. In other cases, we observed axons of normal morphology within 
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the habenular commissure; however, axons of this commissure derive from the lateral 
diencephalon and not the habenulae (see Chapter 2). Habenular neurons expressing 
EGFP project normally (Figure 3-3C). In cases of dnEphB3-EGFP expression, we 
observed small, fluorescently labeled vesicles that appeared to be derived from axons. 
We did not observe these vesicles with EGFP or with dnRyk-EGFP, but did see 
similar structure when axons were labeled with lipophilic membrane dyes such as DiI 
(not shown). Interestingly, EphB-containing vesicles derived from cultured 
hippocampal neurons have recently been reported (Lauterbach and Klein, 2006). 
Electroporation followed by in vivo imaging thus provides evidence that such vesicles 
are produced in the embryo and may be derived from specific domains of the axonal 
membrane. 
Primary neuronal culture has been used successfully to explore axon guidance 
mechanisms. Growth cone migration in vitro can be assayed in the presence of 
exogenously provided cues. We have tried lipofection-mediated transfection of 
zebrafish primary neuronal cultures without success (data not shown). The high 
transfection rate of electroporation, in this case performed bilaterally, allowed the 
easy identification of many transgene-expressing neurons in cultured brain explants 
(Figures 3-3D and 3-3E). 
While the dorsal regions of the brain are easily viewed in vivo, ventral and some 
lateral structures are obscured by the eyes, jaw, and gills. Removing the brain 
followed by fixation and antibody staining allows for high resolution imaging of the 
entire brain, but is somewhat tedious for large numbers of embryos. Testing various 
fixation and permeabilization protocols for immunocytochemistry, we serendipitously 
found that large numbers of brains can be isolated easily from embryos by fixation in 
trichloracetic acid (TCA) followed by collagenase digestion. These brains are suitable 
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for whole mount antibody staining, though not all antigens are well preserved after 
TCA fixation and tissue morphology is indistinct under bright field optics. Labeling 
fixed whole mount brains with anti-GFP and anti-acetylated tubulin antibodies allows 
for comparison of the axonal projections of transfected neurons relative to the overall 
neuroanatomy of the brain (Figure 3-4). A lateral view of the right side shows the 
transfected cell bodies, primarily in the telencephalon and diencephalon (Figure 3-
4E). From the left, the resulting contralateral projections can be analyzed (Figure 3-
4H). 
Some technical problems remain, which we are addressing. Electroporation of 
embryos older than 24 hpf produced inconsistent results and overall lower numbers of 
transfected cells. However, some transgenes we expressed appeared to disrupt 
neuronal differentiation or cell survival and we would like to express them later. The 
use of heat shock promoters driving GAL4, either on a separate plasmid or in a stable 
transgenic background, so that expression can be temporally controlled is a promising 
solution. 
Another issue is that some transgenes we tested appeared to be regulated post-
transcriptionally and spatially, and were only found in particular subcellular 
compartments, within distinct puncta, or were present at low levels. In these cases, the 
entire morphology of a transfected neuron was difficult to image, and time lapse 
imaging was impractical. Ideally, we would like to coexpress a red fluorescent protein 
to label the entire neuron. Because coelectroporating two UAS vectors with the GAL4 
driver led to inconsistent coexpression, we are testing Gateway expression vectors 
that contain two independent UAS elements: one driving the cytosolic red fluorescent 




The electroporation method presented here allows for the simple and efficient 
introduction of transgenes of interest into populations of neurons. Existing methods of 
electroporation of zebrafish neurons are effective, but have significant rates of 
lethality and unsuccessful transgenesis. Cerda and colleagues (Cerda et al., 2006) 
demonstrated the electroporation of mRNA and morpholinos in addition to DNA, and 
were able to transfect several different tissues, including brain, retina, somites, and 
trunk. In our hands, the independent manipulation of the electrodes and the insertion 
of one electrode into the embryo led to frequent lethality and difficulty in 
reproducibly transfecting the same cells in multiple embryos. On the other hand, the 
independent positioning of electrodes of this technique allows for better targeting of 
the electric field compared to our relatively large external electrodes. The protocol 
presented here has the advantage of simple electrode placement and of allowing a 
larger number of embryos to be transfected in a uniform manner. As it relies on 
commercially available electrodes and basic equipment, it should be easily 
reproducible in any lab. We anticipate that it will be possible, with slight 
modifications, to transfect different tissues and to deliver charged morpholinos. It 
may also be possible to restrict expression to more precise areas by controlling the 
volume and position of plasmid injection. 
We found the critical parameters for success to be the choice of electrodes, the 
embryo mounting method, and use of the GAL4/UAS expression system. In these 
experiments, separate plasmids were used. There is increasing availability of stable 
transgenic zebrafish lines expressing GAL4 under various promoters. Use of these 
lines will allow for single UAS plasmid electroporation, which should increase 
efficiency. 
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In addition to in vivo still and time lapse imaging, we present two ways the 
electroporation method can be used with further analytical tools. Primary neuronal 
culture is a powerful system for studying the cell biology of axon growth and 
guidance. Electroporation allows these in vitro techniques to be coupled with 
transgenesis. Transfected and non-transfected axons from the same explant can be 
compared in their responses to exogenously applied factors. The enzymatic brain 
isolation technique is a useful way to collect large numbers of samples. In this case, 
we have used it to image in detail the results of a routine electroporation. It is also 
useful for the analysis of mutant phenotypes, screening, or other situations where the 
number of brains needed makes manual dissection impractical. The zebrafish is a 
well-established model for vertebrate developmental biology. The methods presented 
here will extend its utility for studies of the development of the embryonic nervous 
system. 
 
3.5 Experimental procedures 
Equipment 
A Zeiss (Oberkochen, Germany) dissecting scope was fitted on opposite sides with 
two Narishige (Tokyo, Japan) micromanipulators, one to manipulate the electrodes 
(left) and the other the injection needle (right) (Figure 3-1). A Narishige air pressure 
injector was used for DNA delivery. A Grass (West Warwick, Rhode Island, USA). 
Telefactor SD9 voltage stimulator was connected to the electrodes to provide pulses. 
Custom platinum iridium parallel bipolar electrodes 125 μm in diameter and spaced 
500 μm apart were used for electroporation (catalog #PB-SA0575, FHC, 
Bowdoinham, Maine, USA). During electroporation, the electrodes can develop 
deposits of dried agarose. Between or during long experiments the electrodes were 
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Zebrafish were maintained according to standard procedures and in accordance with 
Institutional Animal Care and Use Committee guidelines. Electroporation was done at 
18-24 hpf. A significant reduction in efficiency of transfection was observed in older 
embryos. Some embryos were raised in E3 containing 0.003% 1-phenyl-2-thiourea to 
prevent melanin synthesis. 
After being dechorionated with forceps, embryos were anesthetized in 
electroporation Ringer’s (180 mM NaCl, 5 mM KCl, 1.8 mM CaCl2, 5 mM Hepes pH 
7.2), as described by Cerda et al. (Cerda et al., 2006), containing 0.016% 3-amino 
benzoic acid ethyl ester (MS222; Sigma-Aldrich, St. Louis, Missouri, USA. Groups of 
6-10 embryos were immersed briefly in 37°C 1% low melting point agarose (LMPA; 
Bio-Rad, Hercules, California, USA in electroporation Ringer’s. The embryos were 
removed from the agarose with a glass pipette and placed on an inverted plastic Petri 
dish lid in individual drops of LMPA. As the agarose cooled, they were maneuvered 
into the desired orientation using a tungsten needle. It is essential that the embryos be 
in individual drops, the drops should be as small as possible, and the orientation 
consistent to facilitate injections and electrode positioning. 
Each group was immediately electroporated after orientation so that the agarose 
was still somewhat soft, which eased the insertion of the electrodes. After 
electroporation, the embryos were covered with E3 embryo medium. At the end of the 
experiment, all embryos were covered with E3 for approximately 15-30 minutes to 
recover from anesthetic. The LMPA was peeled away from the head and yolk with a 
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tungsten needle. The embryos often wriggle free at this stage, or can be removed by 
gentle aspiration with a glass pipette. 
 
Plasmid DNA 
The pHuC:GAL4-VP16 plasmid used to drive neuronal expression has been described 
(D'Souza et al., 2005). pUAS:EGFP was made by replacing the CMV promoter from 
pEGFP-N1 (Invitrogen, Carlsbad, California, USA) with a promoter consisting of 14 
UAS elements upstream of a basal fish promoter (Koster and Fraser, 2001), and 
pUAS:mCherry by subsequent replacement of EGFP in this plasmid with mCherry 
from pRSETB-mCherry (Shaner et al., 2004). Gateway cloning products were from 
Invitrogen. The pUAS:rfC.1-EGFP Gateway expression vector was made for 
expressing genes of interest fused to the amino terminus of EGFP. The RfC.1 cassette 
from the Gateway Vector Conversion kit was ligated into the SmaI site of 
pUAS:EGFP. Entry clones were made using pENTR/D-TOPO and pCR8/GW/TOPO 
cloning kits using Pfu (Stratagene, San Diego, California, USA) or Taq (Expand High 
Fidelity, Roche, Basel, Switzerland) polymerase PCR products, respectively. Gateway 
recombination reactions were done with LR clonase according to the manufacturer’s 
instructions but using one-quarter of the recommended reaction components and 
volume. Because pENTR/D-TOPO and pUAS:RfC.1-EGFP are both kanamycin 
resistant, the entry clone was linearized at a unique restriction site either prior to or 
after recombination. For electroporation, roughly equimolar amounts of circular 
GAL4 and UAS plasmid DNA were used to a total concentration of 1-2 mg/ml. 
pUAS:dnEphB3-EGFP was made by amplifying a segment of the zebrafish ephb3 
coding sequencing (GenBank:NM_131097) corresponding to the extracellular and 
transmembrane domains by RT-PCR from 3 dpf zebrafish RNA (forward primer, 5′-
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CACCATGGATTATTCGCTGTTATTATAC-3′; reverse primer, 5′-
CGGATCCTCGTAGGTGAAAG-3′). The PCR product was cloned into a Gateway 
entry vector and confirmed by sequencing. The entry clone was used for LR 
recombination into pUAS:RfC.1-EGFP (see above). pUAS:dnRyk-EGFP (GenBank: 
XM_678748) was made in the same way (forward primer, 5′-
CACCATGTTTCTGCCAGCGCGG-3′; reverse primer, 5′-
AAACACGTAGGCCCCCAAAGC-3′). 
DNA constructs were prepared using Qiagen (Hilden, Germany) mini or midi prep 
kits, followed by concentration by either by sodium acetate/ethanol precipitation or 
evaporation in a heated vacuum centrifuge to the desired concentration in 10 mM 
Tris. These constructs and their sequences are available upon request. 
 
DNA injection and electroporation 
Glass injection needles were pulled from capillaries (1.0 mm OD, 0.78 mm ID, with 
filament) on a Flaming-Brown P97 puller (Sutter Instruments, Novato, CA, USA) and 
back loaded with DNA solution. The needle tip was broken off with forceps, and 
oriented as in Figure 3-1. The electrodes were positioned first using the left 
manipulator, followed by insertion of the microinjection needle with the right 
manipulator. DNA was injected into the area of interest using a Narishige M30 air 
pressure injector. Enough DNA was injected such that swelling of the brain ventricle 
was observed. Immediately, five 30 V pulses, each lasting 1 millisecond were applied 
manually using a Grass SD9 stimulator, leading to electroporation of the side of the 
brain near the cathode. Injection/pulsing was often repeated for other injection sites or 
to increase transfection rate. Likewise for bilateral electroporation, the polarity of the 
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stimulator was reversed and injection/pulsing was repeated. Electrode position was 
the same for retinal electroporation, but DNA was injected directly into the retina. 
 
Brain explant culture 
At 2 dpf, bilaterally electroporated embryos were anaesthetized in Ringer’s solution 
containing MS222 and 1 mg/ml bovine serum albumin (BSA). Their brains were 
removed using electrolytically sharpened tungsten needles and cut into small clumps. 
A fire-polished microinjection needle with a wide bore opening was used to transfer 
brain clumps to a small drop of culture medium with a mouth pipette (as a washing 
step). The clumps were then transferred to a poly-lysine-coated cover slip bottom dish 
(Matek, Ashland, Massachusetts, USA) containing 2 ml of culture medium. Media 
reagents were from Sigma: L15 containing 1% N1 neuronal growth supplement, 10 
mM Hepes, and 1% GPS (glutamine/penicillin/streptomycin). Explants were cultured 
for 8 hours or overnight at 28°C.  
 
Brain isolation 
Embryos at 3 dpf or older were fixed in 2% TCA in PBST (phosphate-buffered saline 
+ 1% Triton X-100) for several hours at room temperature or overnight at 4°C. After 
several washes in PBST, the embryos were treated with 1 mg/ml collagenase (Sigma) 
in PBS for 10-20 minutes on a nutator. After 20 minutes or if they started to fall apart, 
embryos were washed several times with PBST to stop collagenase digestion. They 
were then transferred to a Petri dish and gently swirled in PBST. During this process, 
the embryos would fall apart, leaving individual eyes and brains intact. Brains often 
remained attached to the spinal cord. 
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Immunocytochemistry and staining 
Isolated brains were washed in blocking solution (5% normal goat serum/2% BSA in 
PBST) for one hour. Primary antibody incubation was done in blocking solution at 
4°C overnight on a nutator, followed by several washes in PBST. Secondary labeling 
was done overnight at 4°C or several hours at room temperature. Anti-acetylated 
tubulin (Sigma) and anti-GFP (Torrey Pines, Houston, Texas, USA) were used at 
1:1,000. Alexa488 anti-rabbit and Alexa568 anti-mouse secondary antibodies 
(Invitrogen) were used at 1:500. To detect cell death, embryos were incubated with 5 
µg/ml acridine orange (Sigma) for 30 minutes, followed by washing in E3 and 
examination under epifluorescence.  
 
Imaging and analysis 
Live embryos and whole mount brains were imaged on a Zeiss LSM510 confocal 
microscope using a 40× 0.8 NA water immersion objective. Cultured explants and 
acridine orange stained embryos were imaged on a Zeiss Axiovert 200M using a 40× 
phase contrast objective, a SPOT Insight CCD camera (Diagnostic Instruments, 
Sterling Heights, Michigan, USA) and MetaMorph software (Molecular Devices, 
Sunnyvale, California, USA). Projection of confocal z-stacks was done using Zeiss 
software and NIH ImageJ (Rasband, 1997-2007). Volume rendering was done with 
Volocity (Improvision, Coventry, England). Photographs of mounted fish were taken 
with a Canon EOS E400. Live fish were anesthetized and mounted in 1% LMPA/E3. 
For brains, mounting chambers were made on a glass slide by affixing layers of 
electrical tape and cutting out a small square. A brain in PBS was dropped into the 
chamber and a cover slip placed over it. The depth of the chamber was determined 
such that moving the cover slip rotated the brain to the desired orientation. 
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Cotransformation rates (Figure 3-2B) were estimated using NIH ImageJ. Confocal 
stacks were separated by channel and independent thresholds applied to allow for easy 
counting of high intensity cells (cells with contiguous label above threshold at a level 
that eliminates all background). Colocalization of pixels above threshold was scored 
as a cotransfected cell. Four randomly chosen non-overlapping planes from confocal 
stacks of two embryos were analyzed (142 cells total). 
Figure 3-1. Electroporation apparatus. (A) The electroporation equipment assembled on a 
dissecting microscope: the Grass SD9 stimulator (i) and air pressure injector (ii) are connected 
to two micromanipulators controlling the electrodes (iii) and microinjection needle (iv). (B) 
Side view schematic of a 1 dpf zebrafish mounted in an agarose drop with the electrodes and 
injection needle in position. Electrodes are not drawn to scale. (C) Top view of an embryo 
mounted for electroporation, with electrodes in position and microinjection needle inserted 









Figure 3-2. Results of electroporation at 2 dpf. (A) A 2 dpf embryo after electroporation at 
24 hpf with 0.7 mg/ml each pHuC:GAL4/pUAS:EGFP. Axons of the developing habenular 
(arrowhead) and posterior (arrow) commissures are visible. (B) A 2 dpf embryo electroporated 
with 0.5 mg/ml each pHuC:GAL4/pUAS:EGFP/pUAS:mCherry. The mCherry channel (red) 
is less well resolved compared to EGFP (green) due to suboptimal excitation with a 543 nm 
laser line. Approximately 60% of cells express both transgenes at high levels (yellow). (C) 
Time series of commissural axons in the habenular commissure. Images were collected at 
room temperature, and growth cone migration is slower than normal. (D,E) Acridine orange 
staining two hours after electroporation shows higher levels of scattered cell death bilaterally 
in the brains of electroporated embryos (E) compared to unelectroporated siblings (D). Dorsal 
views, anterior to the left. Dashed lines indicate the midline. Time is hours:minutes. OT, optic 
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Figure 3-4. Whole mount immunocytochemistry of electroporated brains. Isolated 4 dpf 
brains from embryos in which pHuC:GAL4/pUAS:EGFP were unilaterally electroporated into 
the right forebrain. Brains were stained with (A,D,G,J) anti-acetylated tubulin to label axons 
(red) and (B,E,H,K) anti-GFP to mark transfected cells (green); (C,F,I,J) merged images. 
Widespread expression of EGFP is seen in neuronal cell bodies of the right telencephalon 
and diencephalon (B,E). All major commissures contain labeled fibers and contralateral 
axonal projections can be seen in detail in left and ventral views (H,K). Anterior is to right 
in (D-F), to the left in all other panels. Ac, anterior commissure; Ha, habenula; hc, habenular 
commissure; Hy, hypothalamus; ot, optic tract; OT, optic tectum; pc, posterior commissure; 






























Chapter 4 – Signaling at midline boundaries regulates 
forebrain commissure development 
 
4.1 Overview 
Axonal growth cones navigate using spatial and directional information derived from 
the extracellular environment. The responses to particular cues are not fixed; rather, 
intermediate targets such as the embryonic midline are only transiently attractive. 
Here we use the zebrafish to explore how growth cones in the forebrain alter their 
responses as they cross the dorsal midline to form the habenular commissure. Using 
live imaging of growth cone dynamics, observation of EphB receptor surface 
localization, and molecular manipulation, we show that the boundaries between the 
roof plate and the habenula act as bilateral intermediate targets for commissural 
axons. Esrom (Pam/Phr1/Highwire/RPM-1), a large intracellular signaling hub, is 
essential for negotiating the ipsilateral choice point, identifying it as a novel 
component of axon guidance at choice points. Ryk, a Wnt co-receptor, enables correct 
interpretation of the equivalent contralateral choice point, demonstrating a conserved 
function for this receptor in regulating contralateral guidance in the forebrain. We 
present a model for midline crossing based on a sequence of discrete substrate 
preference choices.  
 
4.2 Introduction 
Axonal growth cones divide their long migrations in the embryo into discrete steps 
punctuated by intermediate targets. Growth cones are initially attracted to these 
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targets, but must lose this attraction in order to navigate to their next target. While 
there are no formal criteria for intermediate targets, they generally have three features 
attributed to them. First, they are a source of local guidance cues (Bazigou et al., 
2007; Bolz et al., 2004; Bovolenta and Dodd, 1990; Bovolenta and Dodd, 1991; Cook 
et al., 1998; Dickson, 2002; Kadison et al., 2006a; Kadison et al., 2006b; Long et al., 
2004; Richards et al., 1997; Richards et al., 2004; Sabatier et al., 2004; Shirasaki et 
al., 1998; Tessier-Lavigne and Goodman, 1996; Tessier-Lavigne et al., 1988). 
Second, growth cones show altered or slowed growth, including pausing, and more 
complex morphology in the vicinity of these targets (Bovolenta and Mason, 1987; 
Caudy and Bentley, 1986; Halloran and Kalil, 1994; Myers and Bastiani, 1993; 
Tosney and Landmesser, 1985). Third, upon reaching intermediate targets growth 
cones undergo changes in their responses to extracellular cues that allow them to 
navigate toward the next intermediate target (Bovolenta and Dodd, 1990; Bovolenta 
and Dodd, 1991; Dickson, 2002; Dodd et al., 1988; Flanagan and Van Vactor, 1998; 
Garbe and Bashaw, 2004; Long et al., 2004; Piper and Holt, 2004; Sabatier et al., 
2004; Shirasaki et al., 1998; Tessier-Lavigne and Goodman, 1996).  
The most commonly cited example of an intermediate target is the embryonic 
midline. The floor plate of the vertebrate neural tube and glia in the ventral nerve cord 
in Drosophila are particularly well-studied models of midline structures involved in 
axon guidance (Dickson and Gilestro, 2006; Garbe and Bashaw, 2004; Kaprielian et 
al., 2001). These cells produce cues that influence growth cone migration, and 
mutations that result in their loss prevent the normal development of commissural 
projections (Kadison et al., 2006a; Matise et al., 1999; Nambu et al., 1990). 
In vertebrates, secreted proteins such as Netrin1 and Sonic Hedgehog are thought 
to act as long-range attractants for commissural axons. In Drosophila, NetrinA and B 
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function as short-range cues at the ventral midline; it is unclear whether there are long 
range attractants (Brankatschk and Dickson, 2006). Growth away from the midline is, 
in many species, dependent on Slit/Robo signaling (Dickson and Gilestro, 2006). In 
the classical model of midline crossing, Robo is thought to mediate repulsion by its 
ligand Slit, which is expressed by midline glia (Rothberg et al., 1988). An additional 
function of Robo is to prevent attraction to Netrin as axons extend longitudinally 
(Garbe and Bashaw, 2007; Hiramoto and Hiromi, 2006). 
Differences in axon responses to guidance cues before and after crossing suggests 
that midline contact induces qualitative changes in the signaling properties of the 
growth cone (Kaprielian et al., 2001; Yu and Bargmann, 2001). Evidence supporting 
this altered responsiveness model comes from several systems. In Drosophila, Robo 
is present on axons only after the midline has been crossed (Kidd et al., 1998). 
Precocious surface localization of Robo, which occurs in the commissureless mutant, 
causes axons to migrate longitudinally along tracts that would normally be ignored 
until the midline has been crossed (Keleman et al., 2002). In the spinal cord, the 
spatial regulation of Eph receptors (Brittis et al., 2002; Imondi et al., 2000) and Rig-1 
(Sabatier et al., 2004) contribute to contralateral pathfinding. In each of these cases, 
regulation of the surface expression of particular receptors plays a role in growth cone 
adaptation, but the mechanisms by which midline contact brings about these changes 
are not understood. 
The habenular commissure (hc) is an evolutionary conserved component of the 
descending dorsal conduction pathway of vertebrates which connects the limbic 
forebrain to the midbrain (Concha, 2004). In zebrafish embryos, the commissure 
forms at 2 days postfertilization (dpf) between the left and right habenular nuclei. 
Commissural axons derive primarily from the thalamic eminence (EmT), an 
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embryonic structure at the telencephalon-diencephalon boundary, with relatively 
smaller contributions from other forebrain areas (see Chapter 2) (Hendricks and 
Jesuthasan, 2007a). Axons traverse the roof plate in a groove, over a single layer of 
cells. The majority terminate in the contralateral habenula, though some continue to 
other contralateral forebrain targets. Formation of the habenular commissure is thus 
important for brain functions involving the habenula, which include cognition and 
fear conditioning (Klemm, 2004; Lecourtier and Kelly, 2007; Ressler et al., 2002), as 
well as connectivity between left and right forebrain. 
Here, we use live imaging and a combination of genetics and molecular 
manipulation to probe the mechanism of midline crossing at the habenular 
commissure. Our data suggests that roof plate margins are key decision points in 
midline crossing. We show that hc axons negotiate two bilaterally symmetric 
intermediate targets, the ipsilateral and contralateral boundaries between the roof plate 
and habenular nuclei. Furthermore, we identify distinct molecular requirements for 
negotiating these boundaries. We hypothesize that hc growth cones make substrate 
preference choices at tissue boundaries ipsilaterally and contralaterally, and that 
alteration in the signaling properties of the growth cone brought about by contact with 
the ipsilateral target mediates altered responsiveness to the mirror-image contralateral 
target. This model of midline crossing is consistent with boundary phenotypes from 
other systems, such as the spinal cord and corpus callosum. 
4.3 Commissural axons pause before and after crossing the roof plate 
Direct observation of growth cone behavior can provide an indication as to where key 
decisions are made during axon pathfinding, as intermediate targets are usually 
associated with extensive searching and pausing  (Bak and Fraser, 2003; Bovolenta 
and Mason, 1987; Halloran and Kalil, 1994; Harris et al., 1987; Myers and Bastiani, 
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1993; Raper et al., 1983). To identify potential choice points during habenular 
commissure formation, time lapse imaging was carried out in the 
Tg(DeltaD:Gal4);Tg(UAS:Kaede) transgenic line (referred to as the Kaede line for 
simplicity), which labels commissural axons but not habenular neurons (Hatta et al., 
2006). Commissural axons approached the midline as a bundle (Figure 4-1A, 
Supplementary Movie 4-1). As they reached the medial margin of the habenula, axons 
began leaving the bundle, giving it a splayed appearance. A single axon, with a visible 
growth cone, eventually extended across the roof plate (Figure 4-1B). Over time, the 
commissure grew thicker, indicating the crossing of more axons (Figures 4-1C and 4-
1D). Nevertheless, the bundle remained thicker within the habenula and splaying was 
visible at the medial region of the habenula. This suggests that axons face a choice 
point prior to entry to the roof plate; late-migrating axons also make a decision at this 
point, despite the pioneer having crossed. 
To observe the behavior of single axons in more detail, time lapse imaging was 
carried out on embryos in which fewer axons were unilaterally labeled, either with 
DiD or electroporation of EGFP. These recordings confirmed that axons paused 
before crossing the midline (e.g. the axon indicated with the arrowhead in Figure 4-1E 
to 4-1H), and that pausing time can be different for different axons. Axons also 
paused after traversing the roof plate, then entered the contralateral habenular nucleus 
individually (Figures 4-1I and 4-1J). While traversing the roof plate, axons move 
rapidly with a streamlined morphology (Figures 4-1K to 4-1M, Supplementary Movie 
4-2). We traced the position of three growth cones that were individually 
distinguishable and plotted their distance from the midline over time (Figure 4-1O). 
These axons extended most rapidly while crossing the midline, and paused as they left 
the roof plate and entered the contralateral habenula. 
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These results indicate that hc axons are likely sensitive to cues acting near the 
border between the habenula and the roof plate both before and after crossing, and 
that these boundaries are candidate intermediate targets. These observations give rise 
to two questions: first, do axons undergo a molecular change near the medial margin 
of the habenula? Second, by what mechanisms do axons respond differently at these 
identical choice points, such that they leave the habenula at the first but enter the 
habenula at the second? 
 
4.4 EphB receptors are present on the surface of hc axons between 
choice points 
EphB;EphB3 double mutant mice show defects in formation of the habenular 
commissure and agenesis of the corpus callosum (Orioli et al., 1996). EphB receptors 
function at the midline to stimulate, rather than inhibit migration of commissural 
axons. We therefore examined the distribution of Eph receptors within the zebrafish 
hc using a receptor affinity probe assay. Ephrin-A2/Fc bound to the entire extent of 
habenular afferents from the pallium, and also labeled the habenular neuropils (Figure 
4-2A). Ephrin-B2/Fc, in contrast, bound to axon surfaces exclusively within the 
commissure: label was detected on axons near the medial surface of the habenula as 
well as throughout the segment traversing the roof plate (Figures 4-2B to 4-2F). The 
broad labeling with Ephrin-A2/Fc indicates that the segment-specific label seen with 
Ephrin-B2/Fc is not due to inaccessibility of the axons within the habenula to the 
ligand. Both ligands labeled the tectal neuropil, consistent with known expression of 
EphA and EphB receptors in retinal ganglion cell (RGC) axons and tectal neurons. 
Neither ligand bound strongly to other dorsal commissures. The specific binding of 
58 
Ephrin-B2/Fc, in particular its correlation to the sites of axon pausing and searching, 
suggests that changes in the surface localization of EphB receptors may be a growth 
cone adaptation correlated with roof plate boundary intermediate targets. 
 
4.5 esrom is required for advance beyond the first choice point 
To further investigate the mechanisms of midline crossing at the habenular 
commissure, we examined a number of mutants known to affect axon guidance. By 
labeling with an antibody to acetylated tubulin at 3-5 dpf, we identified several genes 
required for habenular commissure formation. The hc was previously reported to be 
reduced or absent in acerebellar/fgf8 mutants (Shanmugalingam et al., 2000). We 
observed that axons from the habenular and posterior commissures and the 
dorsoventral diencephalic tract are frequently intermingled (Figure 4-3B), similar to 
the phenotype previously reported in ventral commissures of this mutant. 
Grumpy/lamininß1 mutants had a variable phenotype, with roughly 1/3 of mutants 
having hc axons intermingled with other commissures, and another 1/3 having no or 
very few axons crossing (Figure 4-3C). In masterblind/axin1, axons extended 
anteriorly (Figure 4-3D) or had a reduced commissure (not shown). In esrom mutants, 
the habenular commissure was completely absent, while the adjacent posterior 
commissure appeared normal (Figure 4-3E). No abnormalities were seen in mutants 
for astray/robo2, dackel (which affects the production of heparan sulphate 
proteoglycans), pinscher (which is presumed by phenotype to act in the same pathway 
as dackel) or miles apart (data not shown), a receptor for sphingosine-1-phosphate, 
which can act upstream of Esrom (Lee et al., 2004; Pierre et al., 2004).  
We serendipitously identified a suppressor of esrom, which we named bunian 
(bun). bunian carriers can thus far only be identified by their ability to suppress the 
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esrom habenular commissure defect: variable suppression is seen in ~25% of esrom 
homozygous larvae (Figure 4-3F). Independent genetic screens in C. elegans and 
Drosophila identified mutations in Dual leucine zipper kinase (DLK) as suppressors 
of esrom homologs rpm-1 and highwire (Collins et al., 2006; Nakata et al., 2005). 
Sequencing suggests that bunian is not a zebrafish homolog of DLK (data not shown).  
The specific and complete absence of the habenular commissure in esrom mutants 
led us to examine the phenotype in more detail. Time lapse analysis of mutants, in 
which axons were labeled by crossing esrom into the Kaede transgenic line (Figure 4-
4A, Supplementary movie 4-3), or by electroporation of EGFP (Figure 4-4B, 
Supplementary movie 4-4), indicates that axons maintain active searching behavior at 
the ipsilateral choice point. Consistent with this, acetylated tubulin label at 2 dpf 
shows that mutant axons extended toward the midline but stall at a time when wild 
type axons have already crossed (Figures 4-4C to 4-4E). All mutant embryos, as 
judged by pigment phenotype or genotyping, showed agenesis of the habenular 
commissure. In more than 500 mutant embryos examined, only two showed partial 
crossing; these had only a few fibers within the commissure, suggesting that mutant 
axons could not cross by fasciculation with pioneers (Figure 4-4E). These 
observations establish that the esrom gene is critically required for entry onto the roof 
plate. 
Several lines of evidence suggest that axons that failed to traverse the commissure 
instead terminated ipsilaterally. At 3 dpf commissural inputs via the stria medullaris 
and tract of the habenular commissure were present, as in wild type (Figures 4-4H and 
4-4I). Consistent with increased ipsilateral innervation of the habenular nuclei in the 
mutant, levels of SV2 immunostaining, which labels axon terminals within the 
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habenular neuropils, were comparable in wild type and mutant at 3 dpf (Figures 4-4F 
and 4-4G).  
 
4.6 Defects in esrom mutants correlate partially with Eph receptor 
localization 
The esrom mutant has a defective habenular commissure, but the adjacent posterior 
commissure, which was not bound by soluble Ephrins, forms normally. In addition, 
we previously described defects in topographic mapping in esrom mutants, a process 
critically dependent on Eph/Ephrin signaling (D'Souza et al., 2005). We observed 
further correlations between axons displaying a guidance phenotype in the esrom 
mutant and those expressing Eph receptors. In the ventral forebrain, Ephrin-A2/Fc 
bound to the commissure of the superficial pretectal nuclei (csp) (Figure 4-4J). This 
commissure, as well as the smaller raphe tract (rc) were absent in esrom mutants 
(Figures 4-4K and 4-4L). In the optic tract, strong label was seen in axons innervating 
AF7 (Figure 4-4J). This target is hyper-innervated in esrom mutants (D'Souza et al., 
2005). Not all tracts expressing EphA receptors were affected, however, as the 
anterior commissure and lateral forebrain bundle appeared normal in esrom mutants. 
Given the striking localization of EphB in the habenular commissure, we 
attempted to test the requirement for EphB signaling in hc development by perturbing 
ligand receptor interactions. Electroporation-mediated expression of a full length or 
truncated EphB3 receptor lacking its intracellular domain did not prevent hc axons 
from crossing the midline or affect the esrom phenotype. Culture of exposed brains to 
Ephrin-B2/Fc, which is dimeric, did not prevent commissure formation, although 
binding of the protein could be detected after fixation and anti-Fc 
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immunofluorescence (data not shown). This may simply reflect the fact that we were 
unsuccessful in perturbing the required Eph function: certain functions are kinase-
independent, or can be activated by soluble dimeric ligands (Birgbauer et al., 2000; 
Huynh-Do et al., 2002; Miao et al., 2005). Alternatively, EphB may only be partially 
required for crossing, implying that Esrom regulates processes other than EphB 
function at the ipsilateral choice point. 
 
4.8 Ryk is required for an appropriate response at the second choice 
point 
Within RGC axons, signaling via EphB is counterbalanced by Wnt signaling via Ryk 
(Schmitt et al., 2006). Additionally, Ryk is involved in contralateral pathfinding in the 
corpus callosum (Keeble et al., 2006). For these reasons, and the hc phenotype we 
observed in axin1 mutants, we tested whether Ryk could be involved in guidance of 
habenular commissure axons. When a dominant-negative mutant of the Ryk receptor 
fused to EGFP (Hendricks and Jesuthasan, 2007b) was electroporated into hc neurons 
we observed abnormal branched and looped structures within the commissure 
(Figures 4-5A to 4-5C).  
To further characterize this phenotype, we made time lapse movies of dnRyk-
expressing axons within the hc. When multiple labeled axons were present, growth 
cone dynamics were difficult to discern (data not shown). However, in several cases 
where a single transfected axon could be traced, we observed a striking defect at the 
second choice point. The growth cone paused at the contralateral roof plate boundary, 
then underwent a back-branching mediated turn and extended back across the midline 
(Figure 4-6D, Supplementary movie 4-5). In one instance the axon retained two 
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growth cones that both recrossed the midline (Figure 4-6E, Supplementary movie 4-
6). 
At 3 dpf we observed dnRyk-expressing axons that had entered the contralateral 
habenula. Because of variability in number and identity of cells transfected and in 
transgene expression levels it is difficult to estimate the penetrance of dnRyk’s 
effects. Our observations, however, support the notion that the contralateral roof plate 
boundary is indeed a choice point, and that Wnt signaling influences growth cone 
responses at this target. 
Given the observation that compromising Ryk function causes axons to proceed 
from the choice point to the roof plate, one possible role of Esrom would be to 
downregulate Ryk. If this were the case, forced downregulation of Ryk would be 
predicted to suppress the esrom phenotype, however, expression of dnRyk in esrom 
mutants did not affect the hc phenotype (data not shown). 
 
4.9 Conclusion 
We have provided evidence that formation of the habenular commissure is critically 
dependent on signaling events at the boundaries of the  roof plate. We propose that 
boundary regions are important in the formation of other commissures as well, based 
on mutant phenotypes and spatial distribution of surface proteins in other species. 
Precommissural defects we described in esrom mutants and the presence of Probst 
bundles in the corpus callosum of Phr1 -/- mice (J. Bloom and A. DiAntonio, 
personal communication), along with the postcommissural involvement of Ryk, 
suggests that the zebrafish hc shares some common developmental mechanisms with 
the mammalian corpus callosum, and is a useful model for further investigations of 
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the mechanisms of midline crossing in the vertebrate brain. Further implications of 
this work will be discussed in Chapter 6. 
 
4.11 Experimental Procedures 
Zebrafish 
Zebrafish were maintained in standard conditions and in accordance with IACUC 
guidelines. esrom mutants were genotyped at 2 dpf by their pigmentation defect. 
esrtp03 embryos were sometimes genotyped by amplification of a small region of 
genomic DNA flanking the mutation followed by digestion with RsaI, which only 
cuts the wild type allele (see Figure 5-1). 
 
Labeling commissural axons 
Techniques used for labeling hc axons with lipophilic tracer dyes and by 
electroporation have been described (Hendricks and Jesuthasan, 2007a; Hendricks and 
Jesuthasan, 2007b). Briefly, DiD was dissolved in ethanol and pressure injected into 
the EmT of 2 dpf zebrafish under DIC optics using a Zeiss (Oberkochen, Germany) 
FSII microscope with a 40x water immersion objective and Narishige (Tokyo, Japan). 
Embryos were mounted in low melting point agarose (LMPA, Bio-Rad, Hercules, 
California, USA). Electroporation was done using HuC:Gal4, UAS-EGFP, and 
UAS:dnRyk-EGFP plasmid DNA at a total concentration of 1.5-2 mg/ml. Injection 
into the lateral forebrain was followed by 2 sets of five 1ms, 30V pulses from a Grass 
SD9 stimulator through a pair of platinum coated parallel electrodes (FHC, 
Bowdoinham, Maine, USA).  
 
Whole mount immunohistochemistry and affinity probe assay 
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Embryos were anaesthetized in MS222 (Sigma, St. Louis, Missouri, USA). Whole 
embryos were fixed in 2% trichloroacetic acid / 1% Triton X-100 in PBS for 3 hours 
at room temperature or 4ºC overnight. For Fc probe and brain whole mounts, embryos 
were anaesthetized and their brains removed with electrolytically sharpened tungsten 
needles. Live brains were incubated with 5-10 ng/µl zebrafish Ephrin-B2/Fc or mouse 
Ephrin-A2/Fc (R&D Systems, Minneapolis, Minnesota, USA) for 30 minutes in 
Ringers/0.1% BSA, briefly washed, then fixed in 4% PFA for 30 minutes, followed 
by further antibody staining or secondary detection.  
 
Antibodies 
Anti-acetylated tubulin (Sigma), anti-calretinin (Swant, Bellinzona, Switzerland), and 
anti-GFP (Torrey Pines, Houston, Texas, USA) were used at 1:1000. Anti-α-tubulin 
(Sigma) was used at 1:2000. Syto-11 (nuclear stain) was used at 1:10,000. Alexa488, 
546, 568, and 647 anti-mouse, rabbit, and human antibodies were used at 1:500 
(Invitrogen, Carlsbad, California, USA).  
 
Imaging and quantitation 
All embryos, brains, and cultures were imaged on a Zeiss LSM510 confocal 
microscope with a 40x water immersion objective (NA 0.95). For time-lapse 
recordings, embryos were mounted in low melting point agarose in a Petri dish 
(Matek, Ashland, Massachusetts, USA) placed on heated stage (Linkam, Surrey, UK) 
set to 29.5˚C. A stack of frames was taken every 5 minutes. Processing of confocal 
stacks, time series, brightness and contrast adjustments were done using Zeiss LSM 
Image Browser, Adobe Photoshop, and NIH ImageJ (Rasband, 1997-2007). 
Figure 4-1. Habenular commissural axons pause at roof plate boundaries before and 
after crossing. (A-D) Time series of HC development in the Kaede line (see Supplementary 
Movie 1). (A) Commissural axons enter the habenulae as a bundle but splay out at the medial 
boundary of the habenula (arrows). (B) A single pioneer axon crosses (arrowhead) while other 
axons remain outside the roof plate. (C) As several more axons cross the midline, the bundle 
within the habenulae thickens, and more axons accumulate at the medial boundary. This is 
visible here in the left habenula (arrowhead); the right habenula is obscured by a melanophore. 
(D) As the commissure thickens, axons tips are still visible outside the roof plate (arrows). 
Legend continues on next page.




















Figure 1 - Hendricks and Jesuthasan
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Figure 4-1. Continued from previous page. (E-H) A 2 day-old embryo, in which a subset of 
HC axons from the left EmT have been labeled with the lipophilic tracer DiD. (E, F) Several 
axons prior to crossing, with their tips within the left habenula, two large growth cones 
extending multiple filopodia can be seen (arrowhead and arrow). (G) One axon has begun 
crossing ahead of the others (arrow), a second axon is just beginning to cross, while the growth 
cone indicated with an arrowhead remains paused. (H) The first axon (arrow) has reached 
the contralateral habenula and shows a more complex morphology than during crossing, the 
second axon has almost finished traversing the roof plate, the third axon (arrowhead) has 
still not crossed. (I) Embryos unilaterally electroporated with HuC:Gal4/UAS:EGFP show 
HC axons in a bundle which splays out at the contralateral habenula boundary (arrow). (J) In 
another embryo at a slightly later stage, a few axons have entered the contralateral habenula 
(arrowhead) while others remain outside the roof plate (arrow). (K-N) A time series of a 2 dpf 
EGFP-electroporated embryo shows axons pausing ipsi- and contralaterally (arrowhead), but 
fasciculated and rapidly extending within the roof plate (arrowhead, N, see Supplementary 
Movie 2). Three growth cones indicated in panel M were tracked over time and their distance 
from the midline plotted (O, arrowhead color corresponds to line color). The axons extend 
most rapidly around the midline; dotted line in (O) indicates the time point shown in (M). 
Dashed line indicates the midline.  Anterior to the left. m, melanophore; P, pineal organ; pc, 
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Figure 2 - Hendricks and Jesuthasan
Figure 4-2. Eph receptors 
are present on habenular 
commissure axons. (A) 
Ephrin-A2/Fc affinity 
probe indicates surface 
localization of EphA 
receptors in the HC, the 
habenular neuropils, and 
habenular inputs. (B) 
Ephrin-B2/Fc binds to 
HC axons only within the 
commissure (arrowhead). 
(C-E) Higher magnification 
view of the right habenula 
labeled with the nuclear 
stain Syto-11 (C),  
acetylated tubulin (D), and 
Ephrin-B2/Fc (E) shows 
that EphB receptors are 
upregulated at the medial 










Figure 3 - Hendricks and Jesuthasan
Figure 4-3. Mutations affecting habenular commissure development. (A) The habenular 
commissure in a 3 dpf wild type embryo is full formed and distinct. (B) In 10/17 acerebellar, 
axons from the HC, dorsoventral diencephalic tract, and the posterior commissure cross over 
each other and appear to intermingle. (C) 12/29 grumpy mutants had an absent or reduced 
commissure, while 9/29 had a phenotype similar to ace. (D) Aberrant anterior trajectories on 
either side of the midline in masterblind (11/21 embryos). (E) In esrom, no commissure is 
present at 3 dpf. (F) This phenotype is variably suppressed in esrom;bunian double mutants. 
Anterior to the left. ace, acerebellar/fgf8; bun, bunian; esr, esrom; gpy, grumpy/β1-laminin; 
mbl, masterblind/axin1. Scale bars = 25 µm.
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Figure 4 - Hendricks and Jesuthasan
Figure 4-4. Commissural defects in esrom mutants. (A) Time series in an 
esrom;DeltaD:kaede embryo shows axons oriented toward the midline and extending and 
retracting (arrows, see Supplementary Movie 3). After several hours, innervation can be 
seen developing in the neuropil (arrowhead). (B) Time series of a single mutant growth cone 
(arrow), maintaining a complex morphology and dynamic behavior for several hours (see 
Supplementary Movie 4). (C) The commissure is present in 2 dpf wild type embryos. (D) In 
mutants, axons extend toward the midline but do not cross (arrowheads). (E) In rare cases 
(<1%) where one or a few fibers cross (arrowhead), other mutant axons remain stalled. (F-G) 
At 3 dpf, SV2 labels the habenular neuropils prominently in wild type and mutant. (H-I) The 
main commissural inputs, the stria medullaris (yellow arrowheads) and tract of the habenular 
commissure (black arrowheads), are present in mutants at 3 dpf. (J) Ephrin-A2/Fc binding 
labels the commissure of the superficial pretectal nuclei (csp, yellow arrowhead in wild type) 
as well as a bundle within the optic tract terminating in AF7 (white arrowhead). Also labeled  
are the anterior commissure and lateral forebrain bundle. (K-L) Anti-calretinin label reveals 
that the csp is absent in esrom (arrowheads). Time is hours:minutes. ac, anterior commissure; 
lfb, lateral forebrain bundle; Hb, habenula; hc, habenular commissure; P, pineal; pc, posterior 
commissure. Scale bars = 20 µm (A-B); 50 µm (C-E).
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Figure 4-5. Dominant negative Ryk 
disrupts roof plate exit. (A-C) Embryos 
at 3 dpf after unilateral electroporation 
with HuC:Gal4/UAS:dnRyk-EGFP at 1 
dpf. Abnormal loops and branches are 
seen within the commissure (arrowheads, 
n=15). (D-E) Time series of individual 
axons show that growth cones reach the 
contralateral boundary, then bifurcate 
(arrowheads), turn around and recross 
the midline (see Supplementary Movies 
5 and 6). Time series in (E) was taken 
without a heated stage, causing slower 
growth. Time is hours:minutes. Scale 
bars = 20 µm.
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Chapter 5 – Esrom function in the growth cone 
5.1 The Esrom molecule 
Multiple alleles of esrom were isolated in large-scale zebrafish screens for defects in 
pigmentation and topographic mapping of retinal axons (Odenthal et al., 1996; Trowe 
et al., 1996). Positional cloning identified esrom as the zebrafish ortholog of human 
PAM, Drosophila highwire, and C. elegans RPM-1 (D'Souza et al., 2005). Mutant 
screens for abnormal neuromuscular junctions identified these latter two, while PAM 
was first isolated as a Myc-binding protein and subsequently identified as an 
adenylate cyclase inhibitor (Guo et al., 1998; Schaefer et al., 2000; Scholich et al., 
2001; Wan et al., 2000; Zhen et al., 2000). Esrom contains several predicted structural 
or functional domains, including a C-terminal RING type E3 ubiquitin ligase (Figure 
5-1). Dual-leucine zipper bearing kinase (DLK), anaplastic lymphoma kinase (ALK), 
and possibly the insect SMAD4 ortholog Medea have been identified as 
ubiquitination targets in invertebrates (Collins et al., 2006; Liao et al., 2004; McCabe 
et al., 2004; Nakata et al., 2005). 
Table 5-1. Esrom orthologs 
Protein Organism Phenotype / function 
PAM (Protein Associated 
with Myc) 
H. sapiens Unknown / adenylate cyclase inhibition, 
Myc-binding 
PHR1 (PAM, Highwire, 
RPM-1) 
M. musculus NMJ, motoneuron and retinal axon 
guidance, axonogenesis 
Esrom D. rerio Retinal and forebrain axon guidance, 
pteridine synthesis 
Highwire (Hiw) D. melanogaster NMJ / DLK  and SMAD4 regulation 
RPM-1 (Regulator of 
Presynaptic Morphology) 
C. elegans NMJ / DLK and ALK regulation 
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We have identified distinct molecular lesions in four esrom lines (Figure 5-1). 
Three of these alleles contain mutations that affect or eliminate the C-terminus. esrtp03 
has an intronic mutation at the splice donor site of exon 62, which leads to either a 
partial (due to a cryptic splice donor within intron 62) or total inclusion of intron 62 in 
the mRNA, causing frame shifts and premature stop codons in exon 63. In esrtn207b a 
point mutation creates a stop codon in exon 64. These exon 63-64 stop codons are 
predicted to truncate the protein by approximately one-quarter, eliminating the B-box, 
LDLRA and RING zinc finger domains, which are responsible for Tsc2 binding (see 
below) and E3 ligase activity. A weaker esrom allele, esrty130, is predicted to disrupt 
the structure of the C-terminus by removing a disulfide bond-forming cysteine 
required for LDLRA domain folding. 
A fourth allele, esrtg06ta, is predicted to truncate the protein at amino acid 416, 
removing over 90% of the protein including all predicted domains. However, this 
allele gives a milder xanthophore phenotype and incomplete penetrance of the hc 
phenotype (S. Jesuthasan and C. Kibat, unpublished observations). One possible 
explanation for this is that the strong alleles identified, which preserve most of the 
protein except the C-terminal domains, function as a dominant negatives. These 
strong alleles show an interesting congruence with mutations recently isolated in 
mouse phr1, an esrom ortholog, which result in stop codons in exons 63 and 66 (B. 
Lewcock and S. Pfaff, personal communication). 
  
5.2 Tsc2 is misregulated in esrom axons 
Several different binding partners of Esrom’s orthologs have been previously 
identified (see Appendix 2) (Collins et al., 2006; Guo et al., 1998; Liao et al., 2004; 
McCabe et al., 2004; Murthy et al., 2004; Nakata et al., 2005; Scholich et al., 2001). 
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One such protein is Tsc2 (Tuberin). PAM acts as an E3 ligase for Tsc2, which binds 
to its C-terminus (Han et al., Abstract, Annual Meeting of the Society for 
Neuroscience, 2006).  
Similar to the misregulation of Tsc2 we reported in RGCs (D'Souza et al., 2005), 
the growth cones of cultured mutant (esrtp03) forebrain neurons frequently showed 
highly elevated levels of Serine-939 phosphorylated Tsc2 (phospho-Tsc2) (Figures 5-
2A and 5-2B). Phospho-Tsc2 was also seen in the intact brain in major tracts and 
commissures, particularly in the ventral brain, where the lateral forebrain bundle and 
anterior and postoptic commissures were prominently stained (Figure 5-2F). Intense 
staining was seen in the habenular efferent pathway, the fasciculus retroflexus (not 
shown), and its main target, the interpeduncular nucleus (Figure 5-2F). In esrom 
mutants, phospho-Tsc2 levels were upregulated, particularly in the optic tract (Figures 
5-2D and 5-2E). 
To examine axonal phospho-Tsc2 levels within the habenula, we co-stained whole 
mount brains with anti-SV2. We then selected only phospho-Tsc2 signal that 
colocalized with SV2 (i.e. was localized to axons and not cell bodies within the 
habenula) and found higher levels in mutants than in wild type (Figures 5-2G and 
5H). In some mutant habenulae, bundles or individual axons intensely labeled with 
phospho-Tsc2 were observed in the medial habenula extended toward the midline 
(Figure 5-2I). 
Tsc2 has cell cycle-related functions, and in whole mounts scattered clusters of 
cells expressed high levels of phospho-Tsc2 in the nucleus (Figures 5-2D and 5-2E). 
Many of these cells were located at the ventricle or in clusters that correspond to 
known proliferation zones in the zebrafish brain (data not shown) (Mueller and 
Wullimann, 2005). This pattern of staining was not altered between esrom mutants 
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and wild type. Together with our primary culture data, this indicates that Esrom 
regulates Tsc2 cell-autonomously in axons. Possible implications of Tsc2 
misregulation for axon guidance will be discussed in Chapter 6. 
 
5.3 Experimental procedures 
Forebrain cultures 
Culture of forebrain explants from 2 dpf embryos was performed as described 
(Hendricks and Jesuthasan, 2007b). After overnight growth, an equal volume of ice 
cold 4% paraformaldehyde / 20% sucrose in PBS was added to the culture medium 
and fixation was carried out at 4ºC for 20 minutes. Cultures were washed several 
times in PBS and blocked with 5% normal goat serum (NGS) / 2% bovine serum 
albumin (BSA).  
 
Antibodies 
Anti-Ser939 phospho-Tsc2 (Cell Signaling Technology, Danvers, Massachusetts, 
USA) was used at 1:100. Anti-acetylated tubulin (Sigma), was used at 1:1000. Anti-
α-tubulin (Sigma) was used at 1:2000. Syto-11 (nuclear stain) was used at 1:10,000. 
Alexa488, 546, 568, and 647 anti-mouse, rabbit, and human antibodies were used at 
1:500 (Invitrogen, Carlsbad, California, USA).  
 
Imaging and quantitation 
For Figures 5-2C and 5-2D, axonal phospho-Tsc2 within the habenular neuropil was 
extracted from confocal stacks by colocalization with SV2. The SV2 channel was 
thresholded to include the entire extent of the neuropil and converted to 8-bit binary 
format. The image calculator function of ImageJ was then used to subtract any signal 
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in non-thresholded pixels in the phospho-Tsc2 channel. Quantitation of phospho-Tsc2 
staining in Figure 5 was done as described using MetaMorph (Molecular Devices, 
Sunnyvale, California, USA) (D'Souza et al., 2005). Briefly, a standard circular ROI 
was used to select axon tips in bright field images, these were transferred to 12-bit 
thresholded anti-α-tubulin and anti-phospho-Tsc2 fluorescence channels and total 
intensity was recorded. Mann-Whitney U-test was performed with JMP IN (SAS, 
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                                                                     Figure 5-1. Characterization of esrom alleles. 
(A) Domain structure of Esrom showing the 
positions of the four lesions described here (see 
list of abbreviations). (B) cDNA sequence in esrtp03 
homozygous embryos includes intronic sequence 
after exon 62 due to a G to A mutation at the first 
position of intron 62 (arrow). This leads to two 
alternative transcripts, containing either all or part 
of intron 62, depending on the partial activity of a 
cryptic splice donor (causing double peaks). Either 
insertion causes a frameshift and premature stop 
codon in exon 63. This mutation eliminates an 
RsaI site, which can be used for genotyping. (C) In 
esrtn207b embryos, a T to A mutation (arrow) causes 
a stop codon and creates an AluI site. The protein is predicted to be truncated at serine 3586. 
(D) The esrty130 mutation, which causes a weaker phenotype, was previously characterized 
but mislabelled as esrtp03 (D’Souza et al., 2005). A cysteine required for disulfide bond 
formation in the LDLRA motif is changed to alanine due to a T to A mutation in exon 81. (E) 
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Figure 5-2. Tsc2 is misregulated in esrom mutant brains. (A-B) Cultured forebrain 
explants double-labeled with anti-acetylated tubulin (red) and anti-Ser939 phospho-Tsc2 
(green). Frequent enrichment of phospho-Tsc2 is evident in distal axons and growth cones 
of the mutant explant (arrowheads in B). (C) Box plot quartiles of fluorescence intensities 





Whitney p < 0.001).  (D-E) Phospho-Tsc2 is enriched in the optic tract and pretectal area 
of mutants (E) compared to siblings (D), including in AF7 (arrowhead). (F) Phospho-Tsc2 
levels are high in wild type in some ventral tracts and commissures, including the anterior and 
posterior commissures, the lateral forebrain bundle and the interpeduncular nucleus. (G-H) 
In the habenula, axonal (SV2-colocalized) phospho-Tsc2, shown in pseudocolor, is elevated 
in mutants at 3 dpf, especially medially (arrows). (I) In the mutant, intensely labeled bundles 
(arrow) and individual axons (arrowhead) can be seen extending toward the midline in the 
medial right habenula. Anterior to the left, medial is down in (I). ac, anterior commissure; 
IPN, interpeduncular nucleus; lfb, lateral forebrain bundle; poc, postoptic commissure. 
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Chapter 6 – Conclusions  
6.1 Esrom function at intermediate targets in axon pathfinding 
In esrom mutants, hc axons still appeared to be attracted to the dorsal midline of the 
embryo. They extended beyond a potential target, the ipsilateral habenular neuropil, 
and toward the roof plate, suggesting that they still possessed a commissural axon 
identity. Wild type axons paused at the roof plate boundary before migrating across 
the dorsal midline; esrom axons paused at the same point, but seemed unable to 
extend onto the roof plate. The changes in wild type growth cone dynamics and the 
alterations in axon surface composition at the roof plate boundaries suggests to us that 
these sites act as intermediate targets for hc axons, and that Esrom is required for 
growth cones to advance beyond this target. 
One possibility is that the ipsilateral choice point requires growth cones to 
interpret the roof plate as a permissive substrate, and that this mechanism is faulty in 
the mutant (Figure 6-1B). The specific localization of EphB receptors on commissural 
axon segments implies that distinct signaling or adhesive interactions take place 
within this zone. These observations are supported by recent findings showing the 
presence of Probst bundles in the corpus callosum of phr1 knockout mice, suggesting 
a conserved ipsilateral role in commissural axons (J. Bloom and A. DiAntonio, 
personal communication). Together with the known EphB requirement for callosal 
axons, we conclude that the teleost habenular commissure and the mammalian corpus 
callosum share key developmental mechanisms. 
Esrom and its orthologs are huge (~4600 amino acids) intracellular signaling 
modulators. In invertebrates, where expression is restricted to the nervous system, 
Highwire and RPM-1 act to regulate synaptic growth at the neuromuscular junctions 
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(NMJs) (Schaefer et al., 2000; Wan et al., 2000; Zhen et al., 2000). Data from these 
studies suggest that this protein family regulates multiple signal transduction 
pathways via E3 ubiquitin ligase activity (Collins et al., 2006; Liao et al., 2004; 
McCabe et al., 2004; Nakata et al., 2005). Vertebrate orthologs have been implicated 
in the regulation of adenylate cyclase and the tumor suppressor Tsc2 through direct 
physical interactions (Murthy et al., 2004; Scholich et al., 2001). Several other 
proteins have been found to interact with Esrom orthologs in yeast two-hybrid assays 
(see Appendix 2).  
In zebrafish, we previously showed that Esrom is essential and cell-autonomously 
regulates the targeting and topographic mapping of retinal ganglion cells as well as 
pteridine synthesis (D'Souza et al., 2005; Le Guyader et al., 2005). We have not 
proven cell autonomy of Esrom in hc formation. However, parallels between visual 
system pathfinding and the hc, such as the involvement of Ephrin/Eph and Wnt 
signaling, as well as Tsc2 misregulation in growth cones of forebrain axons (see 
Chapter 5), strongly suggest that these are different aspects of the same, cell-
autonomous function of Esrom. 
Any of the previously described functions of Esrom’s orthologs or interaction 
partners (see Appendix 2) could potentially be relevant to the interpretation, 
transmission or integration of guidance signals. In vertebrates, the loss of sensitivity 
to single guidance cues rarely produces a phenotype as penetrant as that observed in 
the hc of esrom mutants. In esrom mutants, overall brain morphology and the 
organization of axonal tracts is normal. The specificity of the esrom guidance 
phenotypes suggests to us that no single axon guidance cue is misinterpreted, but 
rather, the defect lies in the integration of multiple cues required for a subset of 
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complex pathfinding behaviors. Esrom can thus be viewed as a node in a signaling 
network, which is critical at particular choice points. 
This is consistent with recent findings in mouse, which suggest a role for Phr1 in 
neuronal cytoskeleton regulation required for growth cone polarization and 
orientation (B. Lewcock and S. Pfaff, personal communication). In our system, it may 
be that this defect is most apparent in situations where the growth cone must undergo 
complex adaptation. Interestingly, both phenotypes involve stalling at intermediate 
targets and potentially involve Ephrin/Eph interactions. 
The bunian mutant was able to suppress the commissural phenotype, but not the 
pigmentation or gas bladder phenotypes of esrom. This establishes that the cellular 
roles of Esrom can be uncoupled, underscoring the complexity of this protein and 
suggesting that its non-neuronal functions in vertebrates might be distinct from those 
in the nervous system. We are in the process of positionally cloning bunian, as its 
identification may shed further light on Esrom function. 
In the strong esrom alleles described here, Tsc2 is misregulated in axonal tracts of 
the brain and within distal axon segments of forebrain explants in vitro. We have thus 
far been unable to measure total Tsc2 levels due to the unavailability of a suitable 
antibody for Tsc2 immunohistochemistry in zebrafish. There is evidence that 
phosphorylation of Tsc2 leads to its dissociation from Tsc1 and subsequent 
ubiquitination (Plas and Thompson, 2003). It seems plausible that increased phospho-
Tsc2 in esrom is due to the accumulation of phosphorylated but non-degraded Tsc2. 
Although there is currently no defined role for Tsc2 in axons, its function as a 
regulator of the TOR (target of rapamycin) pathway suggest that it could potentially 
regulate axonal protein synthesis or cytoskeletal function (Inoki et al., 2002; Jaeschke 
et al., 2002; Tee et al., 2002). In dendrites, Tsc2 is able to regulate cofilin (Tavazoie et 
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al., 2005). The translation regulation and cytoskeletal affects of Tsc2 are thought to be 
mediated via two distinct complexes that share TOR (target of rapamycin) in 
common, TORC1 and TORC2 (Bhaskar and Hay, 2007; Jacinto et al., 2004; Loewith 
et al., 2002; Martin and Hall, 2005). We have tested the involvement of TOR pathway 
components in hc development. Rapamycin (a TOR antagonist) and morpholinos 
directed against specific TORC1 and TORC2 components, as well as TOR itself, can 
cause malformation of the hc, but neither phenocopy nor suppress the esrom 
phenotype (data not shown).  
Future work will be directed at testing other possible Tsc2 effectors in hc formation. 
Interestingly, Tsc2 has also been implicated in Wnt signaling, raising the possibility 
that it is a shared component of the ipsilateral and contralateral signaling systems we 
have described (Inoki et al., 2006; Mak et al., 2003). Finally, Tsc2 has been shown to 
regulate the membrane localization of caveolin and polycystin, suggesting a role in 
regulating plasma membrane composition (Jones et al., 2004; Kleymenova et al., 
2001). This, too, is an intriguing possible cellular function for Tsc2 at an intermediate 
target. 
 
6.2 Distinct pathways regulate responses to ipsilateral and 
contralateral roof plate boundaries 
Using time lapse analysis of growth cone dynamics navigating across the habenular 
commissure, we have shown that crossing the diencephalic roof plate occurs in two 
stages. Commissural axons pause at both ipsilateral and contralateral roof plate 
boundaries, suggesting that the growth cone may be undergoing an adaptive change at 
these sites. During roof plate crossing, axons extend in a rapid, fasciculated fashion. 
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Supporting this, EphB receptors are present on axonal surfaces only between these 
boundaries, suggesting that changes in growth cone signaling properties occur at the 
roof plate margins. We interpret this to mean that growth cones must make guidance 
decisions at both roof plate boundaries, and that these constitute paired, bilaterally 
symmetric intermediate targets for hc axons. 
Supporting these observations, we identified distinct molecular requirements at 
these two choice points. In esrom mutants, axons stalled at the ipsilateral boundary 
and did not extend on to the roof plate. In contrast, disruption of Wnt signaling with 
dnRyk did not prevent axons from entering the roof plate or crossing the midline, but 
caused failure to exit contralaterally and recrossing of the midline. Furthermore, 
expression of dnRyk did not suppress the esrom commissural phenotype, suggesting 
the pathways are distinct. 
 
6.3 Wnt signaling and contralateral pathfinding errors 
In the past few years, several classes of molecules usually categorized as 
developmental morphogens have been demonstrated to have important roles in axon 
navigation (Butler and Dodd, 2003; Charron et al., 2003; Lom et al., 1998; Yoshikawa 
et al., 2003). This is consistent with a model of axon pathfinding that is dependent on 
active growth cone interpretation of available positional and directional cues rather 
than passive responses to attractants and repellents. Wnts, in particular, have been 
associated with axon pathfinding after midline crossing (Zou, 2004). 
The midline recrossing by dnRyk-expressing axons was preceded by a back-
branching mediated U-turn, leaving an axonal loop behind as the growth cone 
recrossed the midline adjacent to its own axon. In Ryk -/- mice, callosal axons make 
postcrossing errors, forming aberrant bundles contralaterally (Keeble et al., 2006). 
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While no axons were reported to recross the midline, axons did in some cases make 
sharp medial turns. This suggests that there may be commonalities between the 
mechanisms of corpus callosum and habenular commissure development, and that the 
effects of our dnRyk construct are consistent with a Ryk loss of function phenotype. 
One interpretation of this phenotype is that commissural growth cones have lost 
sensitivity to a repellent, perhaps a Wnt, that is required to propel them away from the 
midline. However, we feel the fact that such a dramatic navigation error is made at a 
distinct choice point is more consistent with a defect in an altered responsiveness 
“switch” required for distinguishing between the ipsilateral and contralateral roof 
plate boundaries. Our interpretation is that dnRyk-expressing axons do not undergo 
this experience-dependent switch, causing them to continue to prefer the roof plate 
substrate; i.e. interpret the contralateral boundary as ipsilateral (Figure 6-1C). 
 
6.4 Axon pathfinding at midline boundaries 
The midline is an important source of guidance cues, and its role as an intermediate 
target has been well-described. In the Drosophila nerve cord, loss of Slit, which is 
secreted from a narrow line of midline cells, causes axons to “collapse” on the 
midline (Rothberg et al., 1988). robo;robo2 double mutants show a similar 
phenotype, consistent with a choice point at the geometric midline (Simpson et al., 
2000). In other cases, however, axon guidance phenotypes affect pathfinding not at 
the geometric midline, but at the ipsilateral and contralateral boundaries of a midline 
zone. A large array of corpus callosum defects cause the formation of Probst 
bundles—aberrant longitudinal bundles of callosal axons—or other precommissural 
defects (Lindwall et al., 2007). Recently a complementary contralateral phenotype 
was identified in Ryk -/- mice that affects axons after crossing (Keeble et al., 2006). In 
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the spinal cord, as well, several examples of boundary defects have been described. 
Ephrin-B ligands are present along the floor plate boundaries (Imondi et al., 2000), 
and Rig-1 mutants take aberrant trajectories ipsilaterally (Sabatier et al., 2004). In 
Slit1;Slit2;Slit3 triple mutant mice, some axons cross to the contralateral boundary, 
then loop back and recross, reminiscent of the dnRyk hc phenotype reported here 
(Long et al., 2004). Finally, as with the EphB distribution we have described, several 
cell surface molecules show distinct localization on commissural axons in the spinal 
cord, including NrCAM, L1, and TAG-1 (Kaprielian et al., 2001). The restricted 
axonal domains of these molecules correspond to the lateral floor plate boundaries; to 
our knowledge no differentially localized surface markers are altered at the actual 
midline. 
In Drosophila, the midline choice point is small enough that a growth cone can 
simultaneously sample ipsilateral and contralateral environments, which in principle 
allows it to be treated as a single boundary (Murray and Whitington, 1999). In 
vertebrate embryos, tissues such as the floor plate and roof plate are several times 
larger. From a growth cone’s perspective, these structures are large and complex 
enough that they should be considered distinct cellular substrates and zones that must 
be traversed.  
An outstanding problem in midline axon guidance is how growth cones determine 
that the midline as been reached or crossed; that is, how ipsilateral is distinguished 
from contralateral. One possibility is that contact with midline cells, such as the floor 
plate or roof plate, triggers altered responsiveness. However, in mice, many 
commissural axons take on normal contralateral trajectories and show proper spatially 
restricted patterns of surface molecules even in the absence of a floor plate (Kadison 
et al., 2006b).  
84 
Our model avoids this problem by suggesting that state changes in the growth 
cone occur at intermediate targets on either side of the midline rather than at the 
midline. (Figure 6-1). A long-range dorsal chemoattractant may initially guide axons 
to the first (ipsilateral) choice point. Here axons pause and must undergo adaptation, 
including changes in cell surface composition, in order to interpret the roof plate as a 
permissive or growth-promoting substrate. Experience with the first target also 
triggers a switch which allows the growth cone to interpret the contralateral target as 
different from its ipsilateral counterpart, and the opposite substrate choice (i.e. non-
roof plate) is made (Figure 6-1B). 
This algorithmic model considers the regulation of the growth cone’s signaling 
capacities as analogous to the transition function of a simplified Turing machine 
(Turing, 1936). An external stimulus is compared to the internal state of the growth 
cone, and a specific change in growth cone state results (Figure 6-1A). Phenotypes 
such as those described here may be due to an inability of the growth cone to adopt a 
certain state, or in the switch mechanism that distinguishes contralateral from 
ipsilateral (Figures 6-1B and 6-1C). 
While the data presented here do not constitute proof of this type of model, we 
think they draw attention to the need to clarify the way intermediate targets are 
thought of in midline axon guidance. The habenular system provides an excellent 
model for further probing the molecular mechanisms of altered responsiveness at 
intermediate targets, how growth cones distinguish ipsilateral from contralateral, and 
investigating the functions of Esrom, a large and enigmatic signaling molecule.  
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Figure 6-1. Boundary navigation model of habenular commissure development. 
Commissure development proceeds in discrete stages, with the ipsilateral and contralateral 
boundaries between the habenula and roof plate acting as choice points (orange crescents). 
(A) Algorithmic model of the signaling properties of the growth cone, based on the transition 
function of a Turing machine. In response to the choice point, the growth cone selects either 
state P (the roof plate is permissive for growth) or N (the roof plate is non-permissive). 
Which state is selected depends on a binary switch: 0 = adopt state P; 1 = adopt state N. (B) 
The growth cone is initially in state "0/N." Contact with the choice point causes a shift to 
state "1/P," which allows extension across the roof plate and alters subsequent perception or 
interpretation of cues from the intermediate target. Contacting the target again contralaterally 
induces switching to state "N" leading to growth cone migration off the roof plate. Both the 
esrom (C) and dnRyk (D) phenotypes can be interpreted in two ways: either as defects in the 
switch mechanism or the ability to change between N and P states.
86 
Bibliography 
Aizawa, H., Bianco, I. H., Hamaoka, T., Miyashita, T., Uemura, O., Concha, M. L., 
Russell, C., Wilson, S. W., and Okamoto, H. (2005). Laterotopic representation of 
left-right information onto the dorso-ventral axis of a zebrafish midbrain target 
nucleus. Curr Biol 15, 238-243. 
Ando, R., Hama, H., Yamamoto-Hino, M., Mizuno, H., and Miyawaki, A. (2002). An 
optical marker based on the UV-induced green-to-red photoconversion of a 
fluorescent protein. Proc Natl Acad Sci U S A 99, 12651-12656. 
Angaut, P., Cicirata, F., and Serapide, F. (1985). Topographic organization of the 
cerebellothalamic projections in the rat. An autoradiographic study. Neuroscience 15, 
389-401. 
Augsburger, A., Schuchardt, A., Hoskins, S., Dodd, J., and Butler, S. (1999). BMPs as 
mediators of roof plate repulsion of commissural neurons. Neuron 24, 127-141. 
Bader, G. D., Betel, D., and Hogue, C. W. (2003). BIND: the Biomolecular 
Interaction Network Database. Nucleic Acids Res 31, 248-250. 
Baier, H., Klostermann, S., Trowe, T., Karlstrom, R. O., Nusslein-Volhard, C., and 
Bonhoeffer, F. (1996). Genetic dissection of the retinotectal projection. Development 
123, 415-425. 
Baimbridge, K. G., Celio, M. R., and Rogers, J. H. (1992). Calcium-binding proteins 
in the nervous system. Trends Neurosci 15, 303-308. 
Bak, M., and Fraser, S. E. (2003). Axon fasciculation and differences in midline 
kinetics between pioneer and follower axons within commissural fascicles. 
Development 130, 4999-5008. 
87 
Barth, K. A., Miklosi, A., Watkins, J., Bianco, I. H., Wilson, S. W., and Andrew, R. J. 
(2005). fsi Zebrafish Show Concordant Reversal of Laterality of Viscera, 
Neuroanatomy, and a Subset of Behavioral Responses. Curr Biol 15, 844-850. 
Bass, A. H. (1981). Olfactory bulb efferents in the channel catfish, Ictalurus 
punctatus. J Morphol 169, 91-111. 
Bate, C. M. (1976). Pioneer neurones in an insect embryo. Nature 260, 54-56. 
Bazigou, E., Apitz, H., Johansson, J., Loren, C. E., Hirst, E. M., Chen, P. L., Palmer, 
R. H., and Salecker, I. (2007). Anterograde Jelly belly and Alk receptor tyrosine 
kinase signaling mediates retinal axon targeting in Drosophila. Cell 128, 961-975. 
Bentley, D., and Caudy, M. (1983). Pioneer axons lose directed growth after selective 
killing of guidepost cells. Nature 304, 62-65. 
Bentley, D., and Keshishian, H. (1982). Pathfinding by peripheral pioneer neurons in 
grasshoppers. Science 218, 1082-1088. 
Bhaskar, P. T., and Hay, N. (2007). The two TORCs and Akt. Dev Cell 12, 487-502. 
Birgbauer, E., Cowan, C. A., Sretavan, D. W., and Henkemeyer, M. (2000). Kinase 
independent function of EphB receptors in retinal axon pathfinding to the optic disc 
from dorsal but not ventral retina. Development 127, 1231-1241. 
Bolz, J., Uziel, D., Muhlfriedel, S., Gullmar, A., Peuckert, C., Zarbalis, K., Wurst, W., 
Torii, M., and Levitt, P. (2004). Multiple roles of ephrins during the formation of 
thalamocortical projections: maps and more. J Neurobiol 59, 82-94. 
Bovolenta, P., and Dodd, J. (1990). Guidance of commissural growth cones at the 
floor plate in embryonic rat spinal cord. Development 109, 435-447. 
Bovolenta, P., and Dodd, J. (1991). Perturbation of neuronal differentiation and axon 
guidance in the spinal cord of mouse embryos lacking a floor plate: analysis of 
Danforth's short-tail mutation. Development 113, 625-639. 
88 
Bovolenta, P., and Mason, C. (1987). Growth cone morphology varies with position 
in the developing mouse visual pathway from retina to first targets. J Neurosci 7, 
1447-1460. 
Brand, M., Heisenberg, C. P., Jiang, Y. J., Beuchle, D., Lun, K., Furutani-Seiki, M., 
Granato, M., Haffter, P., Hammerschmidt, M., Kane, D. A., et al. (1996). Mutations 
in zebrafish genes affecting the formation of the boundary between midbrain and 
hindbrain. Development 123, 179-190. 
Brankatschk, M., and Dickson, B. J. (2006). Netrins guide Drosophila commissural 
axons at short range. Nat Neurosci 9, 188-194. 
Brittis, P. A., Lu, Q., and Flanagan, J. G. (2002). Axonal protein synthesis provides a 
mechanism for localized regulation at an intermediate target. Cell 110, 223-235. 
Brose, K., Bland, K. S., Wang, K. H., Arnott, D., Henzel, W., Goodman, C. S., 
Tessier-Lavigne, M., and Kidd, T. (1999). Slit proteins bind Robo receptors and have 
an evolutionarily conserved role in repulsive axon guidance. Cell 96, 795-806. 
Brunet, I., Weinl, C., Piper, M., Trembleau, A., Volovitch, M., Harris, W., Prochiantz, 
A., and Holt, C. (2005). The transcription factor Engrailed-2 guides retinal axons. 
Nature 438, 94-98. 
Buckley, K., and Kelly, R. B. (1985). Identification of a transmembrane glycoprotein 
specific for secretory vesicles of neural and endocrine cells. J Cell Biol 100, 1284-
1294. 
Butler, S. J., and Dodd, J. (2003). A role for BMP heterodimers in roof plate-mediated 
repulsion of commissural axons. Neuron 38, 389-401. 
Castro, A., Becerra, M., Manso, M. J., and Anadon, R. (2006). Calretinin 
immunoreactivity in the brain of the zebrafish, Danio rerio: distribution and 
89 
comparison with some neuropeptides and neurotransmitter-synthesizing enzymes. I. 
Olfactory organ and forebrain. J Comp Neurol 494, 435-459. 
Caudy, M., and Bentley, D. (1986). Pioneer growth cone morphologies reveal 
proximal increases in substrate affinity within leg segments of grasshopper embryos. J 
Neurosci 6, 364-379. 
Cerda, G. A., Thomas, J. E., Allende, M. L., Karlstrom, R. O., and Palma, V. (2006). 
Electroporation of DNA, RNA, and morpholinos into zebrafish embryos. Methods 39, 
207-211. 
Charron, F., Stein, E., Jeong, J., McMahon, A. P., and Tessier-Lavigne, M. (2003). 
The morphogen sonic hedgehog is an axonal chemoattractant that collaborates with 
netrin-1 in midline axon guidance. Cell 113, 11-23. 
Charron, F., and Tessier-Lavigne, M. (2005). Novel brain wiring functions for 
classical morphogens: a role as graded positional cues in axon guidance. Development 
132, 2251-2262. 
Colland, F., Jacq, X., Trouplin, V., Mougin, C., Groizeleau, C., Hamburger, A., Meil, 
A., Wojcik, J., Legrain, P., and Gauthier, J. M. (2004). Functional proteomics 
mapping of a human signaling pathway. Genome Res 14, 1324-1332. 
Collins, C. A., Wairkar, Y. P., Johnson, S. L., and Diantonio, A. (2006). Highwire 
Restrains Synaptic Growth by Attenuating a MAP Kinase Signal. Neuron 51, 57-69. 
Concha, M. L. (2004). The dorsal diencephalic conduction system of zebrafish as a 
model of vertebrate brain lateralisation. Neuroreport 15, 1843-1846. 
Concha, M. L., Burdine, R. D., Russell, C., Schier, A. F., and Wilson, S. W. (2000). A 
nodal signaling pathway regulates the laterality of neuroanatomical asymmetries in 
the zebrafish forebrain. Neuron 28, 399-409. 
90 
Concha, M. L., Russell, C., Regan, J. C., Tawk, M., Sidi, S., Gilmour, D. T., 
Kapsimali, M., Sumoy, L., Goldstone, K., Amaya, E., et al. (2003). Local tissue 
interactions across the dorsal midline of the forebrain establish CNS laterality. Neuron 
39, 423-438. 
Concha, M. L., and Wilson, S. W. (2001). Asymmetry in the epithalamus of 
vertebrates. J Anat 199, 63-84. 
Cook, G., Tannahill, D., and Keynes, R. (1998). Axon guidance to and from choice 
points. Curr Opin Neurobiol 8, 64-72. 
D'Souza, J., Hendricks, M., Le Guyader, S., Subburaju, S., Grunewald, B., Scholich, 
K., and Jesuthasan, S. (2005). Formation of the retinotectal projection requires Esrom, 
an ortholog of PAM (protein associated with Myc). Development 132, 247-256. 
Devine, C. A., and Key, B. (2003). Identifying axon guidance defects in the 
embryonic zebrafish brain. Methods Cell Sci 25, 33-37. 
Dickson, B. J. (2002). Molecular mechanisms of axon guidance. Science 298, 1959-
1964. 
Dickson, B. J., and Gilestro, G. F. (2006). Regulation of commissural axon 
pathfinding by slit and its Robo receptors. Annu Rev Cell Dev Biol 22, 651-675. 
Dodd, J., Morton, S. B., Karagogeos, D., Yamamoto, M., and Jessell, T. M. (1988). 
Spatial regulation of axonal glycoprotein expression on subsets of embryonic spinal 
neurons. Neuron 1, 105-116. 
Eisen, J. S. (1991). Developmental neurobiology of the zebrafish. J Neurosci 11, 311-
317. 
Flanagan, J. G., and Van Vactor, D. (1998). Through the looking glass: axon guidance 
at the midline choice point. Cell 92, 429-432. 
91 
Folgueira, M., Anadon, R., and Yanez, J. (2003). Experimental study of the 
connections of the gustatory system in the rainbow trout, Oncorhynchus mykiss. J 
Comp Neurol 465, 604-619. 
Folgueira, M., Anadon, R., and Yanez, J. (2004). An experimental study of the 
connections of the telencephalon in the rainbow trout (Oncorhynchus mykiss). I: 
Olfactory bulb and ventral area. J Comp Neurol 480, 180-203. 
Formstecher, E., Aresta, S., Collura, V., Hamburger, A., Meil, A., Trehin, A., 
Reverdy, C., Betin, V., Maire, S., Brun, C., et al. (2005). Protein interaction mapping: 
a Drosophila case study. Genome Res 15, 376-384. 
Fraley, S. M., and Sharma, S. C. (1984). Topography of retinal axons in the 
diencephalon of goldfish. Cell Tissue Res 238, 529-538. 
Gahtan, E., and Baier, H. (2004). Of lasers, mutants, and see-through brains: 
functional neuroanatomy in zebrafish. J Neurobiol 59, 147-161. 
Gamse, J. T., Kuan, Y. S., Macurak, M., Brosamle, C., Thisse, B., Thisse, C., and 
Halpern, M. E. (2005). Directional asymmetry of the zebrafish epithalamus guides 
dorsoventral innervation of the midbrain target. Development 132, 4869-4881. 
Gamse, J. T., Thisse, C., Thisse, B., and Halpern, M. E. (2003). The parapineal 
mediates left-right asymmetry in the zebrafish diencephalon. Development 130, 1059-
1068. 
Garbe, D., and Bashaw, G. J. (2007). Independent Functions of Slit–Robo Repulsion 
and Netrin–Frazzled Attraction Regulate Axon Crossing at the Midline in Drosophila. 
J Neurosci 27, 3584-3592. 
Garbe, D. S., and Bashaw, G. J. (2004). Axon guidance at the midline: from mutants 
to mechanisms. Crit Rev Biochem Mol Biol 39, 319-341. 
92 
Guglielmotti, V., and Cristino, L. (2006). The interplay between the pineal complex 
and the habenular nuclei in lower vertebrates in the context of the evolution of 
cerebral asymmetry. Brain Res Bull 69, 475-488. 
Guo, Q., Xie, J., Dang, C. V., Liu, E. T., and Bishop, J. M. (1998). Identification of a 
large Myc-binding protein that contains RCC1-like repeats. Proc Natl Acad Sci U S A 
95, 9172-9177. 
Haas, K., Jensen, K., Sin, W. C., Foa, L., and Cline, H. T. (2002). Targeted 
electroporation in Xenopus tadpoles in vivo--from single cells to the entire brain. 
Differentiation 70, 148-154. 
Halloran, M. C., and Kalil, K. (1994). Dynamic behaviors of growth cones extending 
in the corpus callosum of living cortical brain slices observed with video microscopy. 
J Neurosci 14, 2161-2177. 
Harris, R., Sabatelli, L. M., and Seeger, M. A. (1996). Guidance cues at the 
Drosophila CNS midline: identification and characterization of two Drosophila 
Netrin/UNC-6 homologs. Neuron 17, 217-228. 
Harris, W. A., Holt, C. E., and Bonhoeffer, F. (1987). Retinal axons with and without 
their somata, growing to and arborizing in the tectum of Xenopus embryos: a time-
lapse video study of single fibres in vivo. Development 101, 123-133. 
Hatta, K., Tsujii, H., and Omura, T. (2006). Cell tracking using a photoconvertible 
fluorescent protein. Nat Protoc 1, 960-967. 
Heisenberg, C. P., Brand, M., Jiang, Y. J., Warga, R. M., Beuchle, D., van Eeden, F. 
J., Furutani-Seiki, M., Granato, M., Haffter, P., Hammerschmidt, M., et al. (1996). 
Genes involved in forebrain development in the zebrafish, Danio rerio. Development 
123, 191-203. 
93 
Heisenberg, C. P., Houart, C., Take-Uchi, M., Rauch, G. J., Young, N., Coutinho, P., 
Masai, I., Caneparo, L., Concha, M. L., Geisler, R., et al. (2001). A mutation in the 
Gsk3-binding domain of zebrafish Masterblind/Axin1 leads to a fate transformation of 
telencephalon and eyes to diencephalon. Genes Dev 15, 1427-1434. 
Hendricks, M., and Jesuthasan, S. (2004). Form and function in the zebrafish nervous 
system, In Fish genetics and development, Z. Gong, and V. Korzh, eds. (Singapore: 
World Scientific). 
Hendricks, M., and Jesuthasan, S. (2007a). Asymmetric innervation of the habenula in 
zebrafish. J Comp Neurol 502, 611-619. 
Hendricks, M., and Jesuthasan, S. (2007b). Electroporation-based methods for in 
vivo, whole mount and primary culture analysis of zebrafish brain development. 
Neural Develop 2, 6. 
Herkenham, M., and Nauta, W. J. (1977). Afferent connections of the habenular 
nuclei in the rat. A horseradish peroxidase study, with a note on the fiber-of-passage 
problem. J Comp Neurol 173, 123-146. 
Hiramoto, M., and Hiromi, Y. (2006). ROBO directs axon crossing of segmental 
boundaries by suppressing responsiveness to relocalized Netrin. Nat Neurosci 9, 58-
66. 
Ho, R. K., and Goodman, C. S. (1982). Peripheral pathways are pioneered by an array 
of central and peripheral neurones in grasshopper embryos. Nature 297, 404-406. 
Hutson, L. D., and Chien, C. B. (2002). Pathfinding and error correction by retinal 
axons: the role of astray/robo2. Neuron 33, 205-217. 
Huynh-Do, U., Vindis, C., Liu, H., Cerretti, D. P., McGrew, J. T., Enriquez, M., 
Chen, J., and Daniel, T. O. (2002). Ephrin-B1 transduces signals to activate integrin-
mediated migration, attachment and angiogenesis. J Cell Sci 115, 3073-3081. 
94 
Imondi, R., Wideman, C., and Kaprielian, Z. (2000). Complementary expression of 
transmembrane ephrins and their receptors in the mouse spinal cord: a possible role in 
constraining the orientation of longitudinally projecting axons. Development 127, 
1397-1410. 
Inoki, K., Li, Y., Zhu, T., Wu, J., and Guan, K. L. (2002). TSC2 is phosphorylated 
and inhibited by Akt and suppresses mTOR signalling. Nat Cell Biol 4, 648-657. 
Inoki, K., Ouyang, H., Zhu, T., Lindvall, C., Wang, Y., Zhang, X., Yang, Q., Bennett, 
C., Harada, Y., Stankunas, K., et al. (2006). TSC2 integrates Wnt and energy signals 
via a coordinated phosphorylation by AMPK and GSK3 to regulate cell growth. Cell 
126, 955-968. 
Jacinto, E., Loewith, R., Schmidt, A., Lin, S., Ruegg, M. A., Hall, A., and Hall, M. N. 
(2004). Mammalian TOR complex 2 controls the actin cytoskeleton and is rapamycin 
insensitive. Nat Cell Biol 6, 1122-1128. 
Jaeschke, A., Hartkamp, J., Saitoh, M., Roworth, W., Nobukuni, T., Hodges, A., 
Sampson, J., Thomas, G., and Lamb, R. (2002). Tuberous sclerosis complex tumor 
suppressor-mediated S6 kinase inhibition by phosphatidylinositide-3-OH kinase is 
mTOR independent. J Cell Biol 159, 217-224. 
Jones, K. A., Jiang, X., Yamamoto, Y., and Yeung, R. S. (2004). Tuberin is a 
component of lipid rafts and mediates caveolin-1 localization: role of TSC2 in post-
Golgi transport. Exp Cell Res 295, 512-524. 
Kadison, S. R., Makinen, T., Klein, R., Henkemeyer, M., and Kaprielian, Z. (2006a). 
EphB receptors and ephrin-B3 regulate axon guidance at the ventral midline of the 
embryonic mouse spinal cord. J Neurosci 26, 8909-8914. 
95 
Kadison, S. R., Murakami, F., Matise, M. P., and Kaprielian, Z. (2006b). The role of 
floor plate contact in the elaboration of contralateral commissural projections within 
the embryonic mouse spinal cord. Dev Biol 296, 499-513. 
Kalil, K., and Dent, E. W. (2005). Touch and go: guidance cues signal to the growth 
cone cytoskeleton. Curr Opin Neurobiol 15, 521-526. 
Kaprielian, Z., Runko, E., and Imondi, R. (2001). Axon guidance at the midline 
choice point. Dev Dyn 221, 154-181. 
Karlstrom, R. O., Trowe, T., Klostermann, S., Baier, H., Brand, M., Crawford, A. D., 
Grunewald, B., Haffter, P., Hoffmann, H., Meyer, S. U., et al. (1996). Zebrafish 
mutations affecting retinotectal axon pathfinding. Development 123, 427-438. 
Keeble, T. R., and Cooper, H. M. (2006). Ryk: a novel Wnt receptor regulating axon 
pathfinding. Int J Biochem Cell Biol 38, 2011-2017. 
Keeble, T. R., Halford, M. M., Seaman, C., Kee, N., Macheda, M., Anderson, R. B., 
Stacker, S. A., and Cooper, H. M. (2006). The Wnt receptor Ryk is required for 
Wnt5a-mediated axon guidance on the contralateral side of the corpus callosum. J 
Neurosci 26, 5840-5848. 
Keleman, K., Rajagopalan, S., Cleppien, D., Teis, D., Paiha, K., Huber, L. A., 
Technau, G. M., and Dickson, B. J. (2002). Comm sorts robo to control axon 
guidance at the Drosophila midline. Cell 110, 415-427. 
Keleman, K., Ribeiro, C., and Dickson, B. J. (2005). Comm function in commissural 
axon guidance: cell-autonomous sorting of Robo in vivo. Nat Neurosci 8, 156-163. 
Key, B., and Devine, C. A. (2003). Zebrafish as an experimental model: strategies for 
developmental and molecular neurobiology studies. Methods Cell Sci 25, 1-6. 
Kidd, T., Brose, K., Mitchell, K. J., Fetter, R. D., Tessier-Lavigne, M., Goodman, C. 
S., and Tear, G. (1998). Roundabout controls axon crossing of the CNS midline and 
96 
defines a novel subfamily of evolutionarily conserved guidance receptors. Cell 92, 
205-215. 
Klemm, W. R. (2004). Habenular and interpeduncularis nuclei: shared components in 
multiple-function networks. Med Sci Monit 10, RA261-273. 
Kleymenova, E., Ibraghimov-Beskrovnaya, O., Kugoh, H., Everitt, J., Xu, H., 
Kiguchi, K., Landes, G., Harris, P., and Walker, C. (2001). Tuberin-dependent 
membrane localization of polycystin-1: a functional link between polycystic kidney 
disease and the TSC2 tumor suppressor gene. Mol Cell 7, 823-832. 
Koster, R. W., and Fraser, S. E. (2001). Tracing transgene expression in living 
zebrafish embryos. Dev Biol 233, 329-346. 
Krull, C. E. (2004). A primer on using in ovo electroporation to analyze gene 
function. Dev Dyn 229, 433-439. 
Kullander, K. (2005). Genetics moving to neuronal networks. Trends Neurosci 28, 
239-247. 
Lauterbach, J., and Klein, R. (2006). Release of full-length EphB2 receptors from 
hippocampal neurons to cocultured glial cells. J Neurosci 26, 11575-11581. 
Le Guyader, S., Maier, J., and Jesuthasan, S. (2005). Esrom, an ortholog of PAM 
(protein associated with c-myc), regulates pteridine synthesis in the zebrafish. Dev 
Biol 277, 378-386. 
Lecourtier, L., and Kelly, P. H. (2007). A conductor hidden in the orchestra? Role of 
the habenular complex in monoamine transmission and cognition. Neurosci Biobehav 
Rev. 
Lecourtier, L., Neijt, H. C., and Kelly, P. H. (2004). Habenula lesions cause impaired 
cognitive performance in rats: implications for schizophrenia. Eur J Neurosci 19, 
2551-2560. 
97 
Lee, J. S., von der Hardt, S., Rusch, M. A., Stringer, S. E., Stickney, H. L., Talbot, W. 
S., Geisler, R., Nusslein-Volhard, C., Selleck, S. B., Chien, C. B., and Roehl, H. 
(2004). Axon sorting in the optic tract requires HSPG synthesis by ext2 (dackel) and 
extl3 (boxer). Neuron 44, 947-960. 
Liao, E. H., Hung, W., Abrams, B., and Zhen, M. (2004). An SCF-like ubiquitin 
ligase complex that controls presynaptic differentiation. Nature 430, 345-350. 
Lindwall, C., Fothergill, T., and Richards, L. J. (2007). Commissure formation in the 
mammalian forebrain. Curr Opin Neurobiol 17, 3-14. 
Lippolis, G., Bisazza, A., Rogers, L. J., and Vallortigara, G. (2002). Lateralisation of 
predator avoidance responses in three species of toads. Laterality 7, 163-183. 
Loewith, R., Jacinto, E., Wullschleger, S., Lorberg, A., Crespo, J. L., Bonenfant, D., 
Oppliger, W., Jenoe, P., and Hall, M. N. (2002). Two TOR complexes, only one of 
which is rapamycin sensitive, have distinct roles in cell growth control. Mol Cell 10, 
457-468. 
Lom, B., Hopker, V., McFarlane, S., Bixby, J. L., and Holt, C. E. (1998). Fibroblast 
growth factor receptor signaling in Xenopus retinal axon extension. J Neurobiol 37, 
633-641. 
Long, H., Sabatier, C., Ma, L., Plump, A., Yuan, W., Ornitz, D. M., Tamada, A., 
Murakami, F., Goodman, C. S., and Tessier-Lavigne, M. (2004). Conserved roles for 
Slit and Robo proteins in midline commissural axon guidance. Neuron 42, 213-223. 
Lustig, M., Erskine, L., Mason, C. A., Grumet, M., and Sakurai, T. (2001). Nr-CAM 
expression in the developing mouse nervous system: ventral midline structures, 
specific fiber tracts, and neuropilar regions. J Comp Neurol 434, 13-28. 
98 
Mak, B. C., Takemaru, K., Kenerson, H. L., Moon, R. T., and Yeung, R. S. (2003). 
The tuberin-hamartin complex negatively regulates beta-catenin signaling activity. J 
Biol Chem 278, 5947-5951. 
Martin, D. E., and Hall, M. N. (2005). The expanding TOR signaling network. Curr 
Opin Cell Biol 17, 158-166. 
Matise, M. P., Lustig, M., Sakurai, T., Grumet, M., and Joyner, A. L. (1999). Ventral 
midline cells are required for the local control of commissural axon guidance in the 
mouse spinal cord. Development 126, 3649-3659. 
McCabe, B. D., Hom, S., Aberle, H., Fetter, R. D., Marques, G., Haerry, T. E., Wan, 
H., O'Connor, M. B., Goodman, C. S., and Haghighi, A. P. (2004). Highwire regulates 
presynaptic BMP signaling essential for synaptic growth. Neuron 41, 891-905. 
McFarlane, S., and Holt, C. E. (1996). Growth factors and neural connectivity. Genet 
Eng (N Y) 18, 33-47. 
Miao, H., Strebhardt, K., Pasquale, E. B., Shen, T. L., Guan, J. L., and Wang, B. 
(2005). Inhibition of integrin-mediated cell adhesion but not directional cell migration 
requires catalytic activity of EphB3 receptor tyrosine kinase. Role of Rho family 
small GTPases. J Biol Chem 280, 923-932. 
Ming, G. L., Song, H. J., Berninger, B., Holt, C. E., Tessier-Lavigne, M., and Poo, M. 
M. (1997). cAMP-dependent growth cone guidance by netrin-1. Neuron 19, 1225-
1235. 
Mitchell, K. J., Doyle, J. L., Serafini, T., Kennedy, T. E., Tessier-Lavigne, M., 
Goodman, C. S., and Dickson, B. J. (1996). Genetic analysis of Netrin genes in 
Drosophila: Netrins guide CNS commissural axons and peripheral motor axons. 
Neuron 17, 203-215. 
99 
Mueller, T., and Wullimann, M. F. (2005). Atlas of early zebrafish brain 
development: A tool for molecular neurogenetics, 1 edn (Amsterdam: Elsevier). 
Murray, M. J., and Whitington, P. M. (1999). Effects of roundabout on growth cone 
dynamics, filopodial length, and growth cone morphology at the midline and 
throughout the neuropile. J Neurosci 19, 7901-7912. 
Murthy, V., Han, S., Beauchamp, R. L., Smith, N., Haddad, L. A., Ito, N., and 
Ramesh, V. (2004). Pam and its ortholog highwire interact with and may negatively 
regulate the TSC1.TSC2 complex. J Biol Chem 279, 1351-1358. 
Myers, P. Z., and Bastiani, M. J. (1993). Growth cone dynamics during the migration 
of an identified commissural growth cone. J Neurosci 13, 127-143. 
Nakamura, H., Katahira, T., Sato, T., Watanabe, Y., and Funahashi, J. (2004). Gain- 
and loss-of-function in chick embryos by electroporation. Mech Dev 121, 1137-1143. 
Nakata, K., Abrams, B., Grill, B., Goncharov, A., Huang, X., Chisholm, A. D., and 
Jin, Y. (2005). Regulation of a DLK-1 and p38 MAP kinase pathway by the ubiquitin 
ligase RPM-1 is required for presynaptic development. Cell 120, 407-420. 
Nambu, J. R., Franks, R. G., Hu, S., and Crews, S. T. (1990). The single-minded gene 
of Drosophila is required for the expression of genes important for the development of 
CNS midline cells. Cell 63, 63-75. 
Nishiyama, M., Hoshino, A., Tsai, L., Henley, J. R., Goshima, Y., Tessier-Lavigne, 
M., Poo, M. M., and Hong, K. (2003). Cyclic AMP/GMP-dependent modulation of 
Ca2+ channels sets the polarity of nerve growth-cone turning. Nature 423, 990-995. 
Odenthal, J., Rossnagel, K., Haffter, P., Kelsh, R. N., Vogelsang, E., Brand, M., van 
Eeden, F. J., Furutani-Seiki, M., Granato, M., Hammerschmidt, M., et al. (1996). 
Mutations affecting xanthophore pigmentation in the zebrafish, Danio rerio. 
Development 123, 391-398. 
100 
Orioli, D., Henkemeyer, M., Lemke, G., Klein, R., and Pawson, T. (1996). Sek4 and 
Nuk receptors cooperate in guidance of commissural axons and in palate formation. 
Embo J 15, 6035-6049. 
Pierre, S. C., Hausler, J., Birod, K., Geisslinger, G., and Scholich, K. (2004). PAM 
mediates sustained inhibition of cAMP signaling by sphingosine-1-phosphate. Embo J 
23, 3031-3040. 
Piper, M., and Holt, C. (2004). RNA translation in axons. Annu Rev Cell Dev Biol 
20, 505-523. 
Plas, D. R., and Thompson, C. B. (2003). Akt activation promotes degradation of 
tuberin and FOXO3a via the proteasome. J Biol Chem 278, 12361-12366. 
Pradel, G., Schmidt, R., and Schachner, M. (2000). Involvement of L1.1 in memory 
consolidation after active avoidance conditioning in zebrafish. J Neurobiol 43, 389-
403. 
Raper, J. A., Bastiani, M., and Goodman, C. S. (1983). Pathfinding by neuronal 
growth cones in grasshopper embryos. I. Divergent choices made by the growth cones 
of sibling neurons. J Neurosci 3, 20-30. 
Rasband, W. S. (1997-2007). ImageJ (Bethesda, Maryland, USA: U.S. National 
Institutes of Health). 
Reifers, F., Bohli, H., Walsh, E. C., Crossley, P. H., Stainier, D. Y., and Brand, M. 
(1998). Fgf8 is mutated in zebrafish acerebellar (ace) mutants and is required for 
maintenance of midbrain-hindbrain boundary development and somitogenesis. 
Development 125, 2381-2395. 
Ressler, K. J., Paschall, G., Zhou, X. L., and Davis, M. (2002). Regulation of synaptic 
plasticity genes during consolidation of fear conditioning. J Neurosci 22, 7892-7902. 
101 
Richards, L. J., Koester, S. E., Tuttle, R., and O'Leary, D. D. (1997). Directed growth 
of early cortical axons is influenced by a chemoattractant released from an 
intermediate target. J Neurosci 17, 2445-2458. 
Richards, L. J., Plachez, C., and Ren, T. (2004). Mechanisms regulating the 
development of the corpus callosum and its agenesis in mouse and human. Clin Genet 
66, 276-289. 
Rothberg, J. M., Hartley, D. A., Walther, Z., and Artavanis-Tsakonas, S. (1988). slit: 
an EGF-homologous locus of D. melanogaster involved in the development of the 
embryonic central nervous system. Cell 55, 1047-1059. 
Sabatier, C., Plump, A. S., Le, M., Brose, K., Tamada, A., Murakami, F., Lee, E. Y., 
and Tessier-Lavigne, M. (2004). The divergent Robo family protein rig-1/Robo3 is a 
negative regulator of slit responsiveness required for midline crossing by commissural 
axons. Cell 117, 157-169. 
Saito, T., and Nakatsuji, N. (2001). Efficient gene transfer into the embryonic mouse 
brain using in vivo electroporation. Dev Biol 240, 237-246. 
Sato, M., Umetsu, D., Murakami, S., Yasugi, T., and Tabata, T. (2006a). DWnt4 
regulates the dorsoventral specificity of retinal projections in the Drosophila 
melanogaster visual system. Nat Neurosci 9, 67-75. 
Sato, T., Takahoko, M., and Okamoto, H. (2006b). HuC:Kaede, a useful tool to label 
neural morphologies in networks in vivo. Genesis 44, 136-142. 
Schaefer, A. M., Hadwiger, G. D., and Nonet, M. L. (2000). rpm-1, a conserved 
neuronal gene that regulates targeting and synaptogenesis in C. elegans. Neuron 26, 
345-356. 
102 
Schmitt, A. M., Shi, J., Wolf, A. M., Lu, C. C., King, L. A., and Zou, Y. (2006). Wnt-
Ryk signalling mediates medial-lateral retinotectal topographic mapping. Nature 439, 
31-37. 
Schmucker, D. (2003). Downstream of guidance receptors: entering the baroque 
period of axon guidance signaling. Neuron 40, 4-6. 
Scholich, K., Pierre, S., and Patel, T. B. (2001). Protein associated with Myc (PAM) 
is a potent inhibitor of adenylyl cyclases. J Biol Chem 276, 47583-47589. 
Seeger, M., Tear, G., Ferres-Marco, D., and Goodman, C. S. (1993). Mutations 
affecting growth cone guidance in Drosophila: genes necessary for guidance toward 
or away from the midline. Neuron 10, 409-426. 
Shaner, N. C., Campbell, R. E., Steinbach, P. A., Giepmans, B. N., Palmer, A. E., and 
Tsien, R. Y. (2004). Improved monomeric red, orange and yellow fluorescent proteins 
derived from Discosoma sp. red fluorescent protein. Nat Biotechnol 22, 1567-1572. 
Shanmugalingam, S., Houart, C., Picker, A., Reifers, F., Macdonald, R., Barth, A., 
Griffin, K., Brand, M., and Wilson, S. W. (2000). Ace/Fgf8 is required for forebrain 
commissure formation and patterning of the telencephalon. Development 127, 2549-
2561. 
Shirasaki, R., Katsumata, R., and Murakami, F. (1998). Change in chemoattractant 
responsiveness of developing axons at an intermediate target. Science 279, 105-107. 
Simpson, J. H., Kidd, T., Bland, K. S., and Goodman, C. S. (2000). Short-range and 
long-range guidance by slit and its Robo receptors. Robo and Robo2 play distinct 
roles in midline guidance. Neuron 28, 753-766. 
Song, H. J., and Poo, M. M. (1999). Signal transduction underlying growth cone 
guidance by diffusible factors. Curr Opin Neurobiol 9, 355-363. 
103 
Sretavan, D. W., and Kruger, K. (1998). Randomized retinal ganglion cell axon 
routing at the optic chiasm of GAP-43-deficient mice: association with midline 
recrossing and lack of normal ipsilateral axon turning. J Neurosci 18, 10502-10513. 
Stacker, S. A., Hovens, C. M., Vitali, A., Pritchard, M. A., Baker, E., Sutherland, G. 
R., and Wilks, A. F. (1993). Molecular cloning and chromosomal localisation of the 
human homologue of a receptor related to tyrosine kinases (RYK). Oncogene 8, 1347-
1356. 
Stoeckli, E. T., and Landmesser, L. T. (1995). Axonin-1, Nr-CAM, and Ng-CAM 
play different roles in the in vivo guidance of chick commissural neurons. Neuron 14, 
1165-1179. 
Suto, F., Ito, K., Uemura, M., Shimizu, M., Shinkawa, Y., Sanbo, M., Shinoda, T., 
Tsuboi, M., Takashima, S., Yagi, T., and Fujisawa, H. (2005). Plexin-a4 mediates 
axon-repulsive activities of both secreted and transmembrane semaphorins and plays 
roles in nerve fiber guidance. J Neurosci 25, 3628-3637. 
Tabata, H., and Nakajima, K. (2001). Efficient in utero gene transfer system to the 
developing mouse brain using electroporation: visualization of neuronal migration in 
the developing cortex. Neuroscience 103, 865-872. 
Tavazoie, S. F., Alvarez, V. A., Ridenour, D. A., Kwiatkowski, D. J., and Sabatini, B. 
L. (2005). Regulation of neuronal morphology and function by the tumor suppressors 
Tsc1 and Tsc2. Nat Neurosci 8, 1727-1734. 
Tawk, M., Tuil, D., Torrente, Y., Vriz, S., and Paulin, D. (2002). High-efficiency 
gene transfer into adult fish: a new tool to study fin regeneration. Genesis 32, 27-31. 
Tear, G., Harris, R., Sutaria, S., Kilomanski, K., Goodman, C. S., and Seeger, M. A. 
(1996). commissureless controls growth cone guidance across the CNS midline in 
Drosophila and encodes a novel membrane protein. Neuron 16, 501-514. 
104 
Tear, G., Seeger, M., and Goodman, C. S. (1993). To cross or not to cross: a genetic 
analysis of guidance at the midline. Perspect Dev Neurobiol 1, 183-194. 
Tee, A. R., Fingar, D. C., Manning, B. D., Kwiatkowski, D. J., Cantley, L. C., and 
Blenis, J. (2002). Tuberous sclerosis complex-1 and -2 gene products function 
together to inhibit mammalian target of rapamycin (mTOR)-mediated downstream 
signaling. Proc Natl Acad Sci U S A 99, 13571-13576. 
Teh, C., Chong, S. W., and Korzh, V. (2003). DNA delivery into anterior neural tube 
of zebrafish embryos by electroporation. Biotechniques 35, 950-954. 
Tessier-Lavigne, M., and Goodman, C. S. (1996). The molecular biology of axon 
guidance. Science 274, 1123-1133. 
Tessier-Lavigne, M., Placzek, M., Lumsden, A. G., Dodd, J., and Jessell, T. M. 
(1988). Chemotropic guidance of developing axons in the mammalian central nervous 
system. Nature 336, 775-778. 
Thummel, R., Bai, S., Sarras, M. P., Jr., Song, P., McDermott, J., Brewer, J., Perry, 
M., Zhang, X., Hyde, D. R., and Godwin, A. R. (2006). Inhibition of zebrafish fin 
regeneration using in vivo electroporation of morpholinos against fgfr1 and msxb. 
Dev Dyn 235, 336-346. 
Tosney, K. W., and Landmesser, L. T. (1985). Growth cone morphology and 
trajectory in the lumbosacral region of the chick embryo. J Neurosci 5, 2345-2358. 
Trowe, T., Klostermann, S., Baier, H., Granato, M., Crawford, A. D., Grunewald, B., 
Hoffmann, H., Karlstrom, R. O., Meyer, S. U., Muller, B., et al. (1996). Mutations 
disrupting the ordering and topographic mapping of axons in the retinotectal 
projection of the zebrafish, Danio rerio. Development 123, 439-450. 
Turing, A. M. (1936). On computable numbers, with an application to the 
Entscheidungsproblem. Proc London Maths Soc, ser 2 42, 230-265. 
105 
Vallortigara, G., and Rogers, L. J. (2005). Survival with an asymmetrical brain: 
advantages and disadvantages of cerebral lateralization. Behav Brain Sci 28, 575-589; 
discussion 589-633. 
Vallortigara, G., Rogers, L. J., Bisazza, A., Lippolis, G., and Robins, A. (1998). 
Complementary right and left hemifield use for predatory and agonistic behaviour in 
toads. Neuroreport 9, 3341-3344. 
van Kesteren, R. E., and Spencer, G. E. (2003). The role of neurotransmitters in 
neurite outgrowth and synapse formation. Rev Neurosci 14, 217-231. 
Villani, L., Zironi, I., and Guarnieri, T. (1996). Telencephalo-habenulo-
interpeduncular connections in the goldfish: a DiI study. Brain Behav Evol 48, 205-
212. 
von Bartheld, C. S., Meyer, D. L., Fiebig, E., and Ebbesson, S. O. (1984). Central 
connections of the olfactory bulb in the goldfish, Carassius auratus. Cell Tissue Res 
238, 475-487. 
Wan, H. I., DiAntonio, A., Fetter, R. D., Bergstrom, K., Strauss, R., and Goodman, C. 
S. (2000). Highwire regulates synaptic growth in Drosophila. Neuron 26, 313-329. 
Wullimann, M. F., and Mueller, T. (2004a). Identification and morphogenesis of the 
eminentia thalami in the zebrafish. J Comp Neurol 471, 37-48. 
Wullimann, M. F., and Mueller, T. (2004b). Teleostean and mammalian forebrains 
contrasted: Evidence from genes to behavior. J Comp Neurol 475, 143-162. 
Yanez, J., and Anadon, R. (1996). Afferent and efferent connections of the habenula 
in the rainbow trout (Oncorhynchus mykiss): an indocarbocyanine dye (DiI) study. J 
Comp Neurol 372, 529-543. 
106 
Yoshida, T., Ito, A., Matsuda, N., and Mishina, M. (2002). Regulation by protein 
kinase A switching of axonal pathfinding of zebrafish olfactory sensory neurons 
through the olfactory placode-olfactory bulb boundary. J Neurosci 22, 4964-4972. 
Yoshikawa, S., McKinnon, R. D., Kokel, M., and Thomas, J. B. (2003). Wnt-
mediated axon guidance via the Drosophila Derailed receptor. Nature 422, 583-588. 
Yu, T. W., and Bargmann, C. I. (2001). Dynamic regulation of axon guidance. Nat 
Neurosci 4 Suppl, 1169-1176. 
Zhen, M., Huang, X., Bamber, B., and Jin, Y. (2000). Regulation of presynaptic 
terminal organization by C. elegans RPM-1, a putative guanine nucleotide exchanger 
with a RING-H2 finger domain. Neuron 26, 331-343. 




 Appendix 1 – Zebrafish lines 
Line Source References 
Tg(brn3a:GFP) Hitoshi Okamoto (Aizawa et al., 2005) 
Tg(HuC:kaede) Hitoshi Okamoto (Sato et al., 2006b) 
Tg(deltaD:Gal4);Tg(UAS:Kaede) Kohei Hatta (Hatta et al., 2006) 
grumpy Derek Stemple (Karlstrom et al., 1996) 
dackel Henry Roehl (Karlstrom et al., 1996; Lee et al., 
2004; Trowe et al., 1996) 
pincsher Henry Roehl " 
esromtp03 n/a (D'Souza et al., 2005; Odenthal et 
al., 1996; Trowe et al., 1996) 
esromte75 / esromte50 n/a " 
esromty130 n/a " 
esromtn207b n/a " 
esromtg06ta n/a " 
acerebellar Vladimir Korzh (Brand et al., 1996; Reifers et al., 
1998) 
masterblind ZIRC (Heisenberg et al., 1996; 




Appendix 2 – Proteins that interact with Esrom orthologs 
Interacting protein Organism References Notes 
Adenylate cyclase Human 








(Murthy et al., 
2004) 
Tumor suppressor 
FSN-1 C. elegans 










(Collins et al., 
2006; Nakata et 
al., 2005) 
MAP3K 
KCC2 Human * Ion channel 
PTP-PEST Human 











* N. Garbarini and E. Delpire, Society for Neuroscience Meeting abstract, 2005. 
** High throughput only (Bader et al., 2003) 
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Appendix 3 – Supplementary data CD 
 
Files referred to as supplemental in the text can be found on the accompanying 
compact disc: 
 
Thesis PDF files. A digital copy of all thesis documents. Details of some figures may 
be easier to see on-screen. 
 
Supplementary file 2-1. MOV file. Interactive 3D volume rendering of SV2 label in 
the habenula. The differing sizes of the subnuclei of the left and right neuropils are 
apparent, as well as the right side-specific medial extension.  
 
Supplementary file 3-1. MOV file. Interactive 3D volume rendering of EGFP-
electroporated neurons and their projections in a 2 dpf embryo. 
  
Supplementary movie 3-2. A time lapse of EGFP-electroporated commissural axons 
at 2 dpf. 
 
Supplementary movie 4-1. Habenular commissure development visualized in the 
Tg(DeltaD:Gal4);Tg(UAS:Kaede) line. 
 
Supplementary movie 4-2. Axons from unilateral EGFP electroporation crossing the 
habenular commissure.  
 
Supplementary movie 4-3. An esrom mutant showing failure of hc development 
visualized in the Tg(DeltaD:Gal4);Tg(UAS:Kaede) line. 
 
Supplementary movie 4-4. An esrom growth cone stalled at the ipsilateral roof plate 
boundary after unilateral EGFP electroporation. 
 
Supplementary movie 4-5. An hc axon expressing dnRyk fails to exit the roof plate 
contralaterally and recrosses the midline. 
 
Supplementary movie 4-6. Another example of an hc axon expressing dnRyk. 
 
